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PREFACE 


When  Professor  Fitz  Gerald's  career  came  to  a  pre- 
mature and  lamented  close,  at  the  beginning  of  last 
year,  it  was  widely  felt  that  his  most  suitable  and 
enduring  scientific  memorial  would  be  a  collected 
edition  of  his  published  work.  The  present  volume 
is  intended  to  fulfil  that  object.  An  endeavour  has 
been  made  to  include  everything  substantial  of  a 
scientific  character  that  he  wrote;  and  the  omissions, 
so  far  as  is  known,  either  relate  to  discussions  of 
only  temporary  interest,  or  are  re-statements  of  work 
included  in  other  forms. 

By  Professor  Fitz  Gerald's  scientific  friends,  who 
may  be  taken  to  include  nearly  all  persons  interested 
in  the  higher  progress  of  physical  science,  the  book 
will  be  welcomed  as  a  reminder  of  his  incisive 
thought  and  his  manifold  and  helpful  scientific 
activities.  But  it  is  anticipated  that  it  will  also 
serve  another  purpose.  The  progress  of  physical 
science  during  the  last  forty  years  has  extended  our 
ideas  of  the  constitution  of  inanimate  nature  in  a  way 
which  has  been  one  of  the  marvels  of  the  age.  When 
the  subject  is  trimmed   down  to  the  precision  of  a 
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formal  text-book,  much  of  its  charm  and  instruction 
is  thereby  evaporated.  We  need  to  live  with  the 
men  who  have  been  instrumental  in  producing  the 
change  of  view,  to  observe  intimately  their  habits  of 
thought,  their  failures  as  well  as  their  successes — to 
take  note  of  the  hitches  in  the  path  of  progress,  some 
of  them  gradually  removed  by  the  acquisition  of 
clearer  or  broader  ideas,  others  as  yet  defying  com- 
plete resolution — before  we  can  assimilate  all  the 
intellectual  advantage  that  is  to  be  gained  from  a 
study  of  scientific  evolution.  The  republication  in 
accessible  form  of  the  work  of  Helmholtz,  Hertz, 
Kelvin,  Maxwell,  Rayleigh,  Stokes,  and  other  mas- 
ters, has  thus  done  much  to  maintain  the  vitality  of 
theoretical  physics,  and  constitutes  a  precedent  which 
ought  to  be  preserved. 

The  very  brevity  of  most  of  Fitz  Gterald's  papers, 
and  their  direct  attack  on  the  barriers  that  limited 
the  scientific  horizon  of  the  day,  enhance  their  value 
towards  a  historical  conspectus  of  the  progress  of  the 
theory  of  the  ether,  and  of  the  branches  of  physics 
which  are  founded  thereon.  That  the  reader  may 
have  an  indication  how  long  ago  ideas  were  already 
in  the  air  in  this  department  of  knowledge,  that 
have  only  recently  been  emerging  into  complete 
precision,  the  year  of  original  publication  has  been 
inserted  on  the  headline  of  each  page.  It  has  been 
well  remarked  that  work  by  a  master  gains  rather 
than  loses  in  intrinsic  interest,  by  the  establishment 
of  a  point  of  view  and  a  range  of  ideas  wider  of 
more  definite  than  those  under  which  it  was  pro- 
duced. 
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As  the  gist  of  these  papers  Kes  mainly  in  the 
train  of  ideas,  and  but  slightly  in  the  algebraic  or 
numerical  calculations  which  occur  in  them,  mis- 
prints and  obvious  mistakes  in  the  latter  have  been 
corrected  where  necessary,  without  special  mention. 
Tin's  course  has  been  rendered  safer  by  the  vigilance 
of  Professor  W.  E.  Thrift,  F.T.C.D.,  who  has  sup- 
plied a  number  of  such  corrections,  and  has  also 
verified  others. 

The  notes  in  square  brackets  [.  -  .]  ^^'^^  been 
added  by  the  Editor;  they  are  intended  to  draw 
attention  to  discrepancies  in  the  main  argument,  or 
divergences  from  results  more  recently  established, 
as  well  as,  in  some  cases,  to  indicate  the  recent 
history  of  the  problems  that  are  treated  in  the  text. 

The  task  of  sorting  out  the  papers  and  arranging 
them  for  press  has  been  much  facilitated  by  the  kind 
assistance  of  Mrs.  Fitz  Gerald.  Valuable  advice 
and  information  on  personal  matters  have  also  been 
throughout  freely  given  by  Professor  AIaurice  Fitz- 
Gerald  and  Sir.  E.  P.  Cqlverwell,  F.T.C.D. 

Assistance  has  been  afforded  by  Professor  J. 
JoLY,  F.R.S.,  Professor  F.  T.  Tkouton,  F.R.S.,  and 
Mr.  W.  E.  Wilson,  F.R.S.,  specially  in  connexion 
with  papers  of  which  the}'^  are  joint  authors,  which 
have  been  included  in  the  collection. 

Tlianks  are  due  to  the  Royal  Society,  the  Royal 
Dublin  Society,  the  British  Association,  the  proprie- 
tors of  the  Philosophical  Magazine^  of  Nature^  and  of 
the  Electrician^  for  permission  to  republish  papers 
from  their  collections,  and  for  the  loan  of  blocks  for 
the  illustrations. 
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The  beautiful  portrait  frontispiece  was  originally 
intended  to  have  been  a  contribution  to  the  volume 
from  some  of  Professor  Fixz  Gerald's  friends  in 
England,  but  Mr.  J.  W.  Swan,  F.R,S.,  has  very 
kindly  insisted  on  bearing  the  whole  of  the  expense 
connected  with  it. 

Acknowledgment  is  due  to  the  Board  of  Trinity 
College,  Dublin,  for  the  readiness  with  which  they 
undertook  the  financial  responsibility  for  the  volume, 
and  to  the  officials  of  the  Dublin  University  Press  for 
the  careful  manner  in  which  they  have  carried  out  its 
preparation. 

Cambridge, 

1/fly,  1902. 
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p.    66|  see  footnote,  p.  162. 
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INTRODUCTORY  AND  BIOGRAPHICAL 

[Fram  the  EUetridan,  Miffch  1,  1901.    Bj  Principal  0.  J.  Lodge,  F.R.8.] 

At  the  same  age  as  Clerk  Itfaxwell  {aiat  49),  Fitz  Grerald  has  gone 
from  118 :  there  has  been  no  equal  blow  to  Phpical  Science  between 
the  two  events,  in  this  country,  possibly  not  in  the  world :  for  the 
untimely  death  of  Hertz  himself  was  no  greater  blow.  Old  men  pass 
in  the  course  of  nature,  and  we  mourn  them ;  but  the  departure  of  a 
bright  genius  full  of  power  and  originality,  trained  by  years  of  effort 
and  self-denial  to  do  work  which  no  one  else  can  do,  strikes  one  with 
a  chill  feeling  of  calamity. 

"Why  do  they  die  so  young?  They  are  overworked — ^undoubtedly 
they  are  overworked.  The  problems  of  highest  physics  are  too  appall- 
ingly difficult ;  ordinary  humanity  knows  nothing  of  them ;  it  does  not 
realize  the  burden  of  thought  which  weighs  on  the  shoulders  of  the 
few  who  can  solve  them:  it  cannot  realize  the  mental  strain,  the 
continued  weeks  of  thought  which  must  go  to  the  highest  achievements 
in  physics.  Such  men  shoidd  live  apart  and  be  preserved  from  the 
every  day  struggle  of  common  life ;  but  that  is  not  our  system. 
Nature  is  prodigal,  and  wo  imitate  her  wastefulness  in  dealing  with 
genius.  Let  any  Dublin  man  bear  testimony:  let  us  be  told  how 
many  committees  and  boards  and  meetings  Fitz  Gerald  attended ;  let 
us  hear  how  constantly  he  was  used  by  societies  as  scientific  referee, 
how  many  proof-sheets  of  others  he  had  to  read  when  they  were 
writing  books,  how  he  was  appealed  to  in  all  cases  of  difficulty,  not 
only  by  his  colleagues  and  disciples  and  pupils  in  Ireland,  but  by  the 
whole  physical  and  chemical  English  speaking  world. 

Was  it  a  waste  of  time,  this  help  freely  given  to  others,  this  self • 
forgetful  energy  in  the  public  service?  Who  is  to  say?  It  was 
waste  of  health,  but  it  stored  up  in  the  minds  of  many  a  mighty 
affection  for  their  helper.    No,  it  was  not  waste  of  time. 

b2 
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A  good  man  he  was  if  ever  there  was  one :  devoting  himself  to 
public  work,  free  from  all  petty  ambition,  caring  nothing  for  himself : 
throwing  out  his  ideas  right  and  left  with  splendid  prodigality, 
rejoiced  if  they  were  absorbed  and  utilized  by  others.  How  quick  he 
was  to  seize  a  point,  and  how  keen  to  criticise,  to  extend,  to  illuminate, 
a  subject.  Put  near  his  elbow  an  abstruse  Paper,  he  would  take  it  up 
casually,  as  another  might  a  newspaper,  and  soon  he  would  be  absorbed 
and  begin  pencilling  out  calculations  indicative  of  luminous  ideas. 

See  him  at  a  British  Association  meeting  of  Section  A,  he  was  the 
life  and  soul  of  debate;  he  was  always  ready  with  some  semipara- 
dozical  but  wholly  suggestive  and  stimulating  idea.  See  him  at  that 
memorable  meeting  at  Bath,  when  he  brought  forward  and  made  known 
to  the  world  the  brilliant  experimental  discoveries  of  Hertz,  discoveries 
which  verified  Fitz  Gerald's  own  suggestions  and  surmises.  Hear  him 
at  that  same  meeting  when  he  was  discussing  with  Lord  Kelvin  and 
others  about  ^  and  J  and  the  propagation  of  electrostatic  potential  in 
time,  and  the  other  outstanding  difficulties  in  Maxwell's  splendid 
work.  Turn  back  to  the  Electrician  for  1888,  vol.  xxi.,  pp.  624,  660, 
and  read  it  again. 

There  did  not  exist  a  brain  quicker  to  seize  a  point,  fuller  of  ripe 
learning,  readier  to  apply  it  in  any  direction,  less  absorbed  in  itself, 
and  more  willing  to  enter  into  the  work  and  the  difficulties  of  others; 
nor  was  any  mind  keener  to  apprehend  rightly  the  real  difficulties  of 
Physics,  or  more  fruitful  of  verifying  suggestions.  Let  Larmor  tell  us 
of  his  help  in  Mathematics,  let  Bamsay  tell  us  of  his  help  in  Chemistry, 
let  Perry  tell  us  of  his  help  in  problems  appHed  to  Engineering,  but  let 
me  bear  testimony  to  his  simple,  human,  unselfish,  public-spirited,  hard 
working  college  and  family  life.  Ay,  he  was  a  man  worth  knowing. 
His  memory  will  not  fade.  Long  life  could  not  have  bettered  it.  He 
has  lived  his  life,  and  has  left  an  influence  on  his  generation  as  potent 
as  his  influence  on  the  progress  of  physical  science. 

It  has  been  a  great  epoch  this  latter  half  of  the  nineteenth 
century,  a  period  with  which  his  life  was  conterminous ;  but  it  seems 
closing  in.  Yet  no,  there  are  a  few  men  left,  and  discoveries  are  in 
the  air.  We  must  close  up  the  ranks  and  proceed,  thankful  that  we 
have  known  him,  and  not  disheartened  or  dismayed. 

His  powers  blossomed  early,  and  he  had  a  good  education.  He  did 
not  go  to  school,  but  absorbed  mathematics  at  home  under  tutors  who 
must  have  known  and  loved  their  subject ;  and  from  them  he  did  not 
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leom  the  inattention  and  liatlessness  which  seem  inseparable  from  class 
work  nnder  average  teachers. 

He  possessed  extraordinary  Tersatilitj,  and  could  turn  his  mind 
abnost  instantly  to  anything,  but  the  instant  it  was  so  turned  it  went 
deep  into  the  subject,  to  the  exclusion  of  other  things  for  the  moment; 
and  in  the  deepest  subjects  he  was  more  at  home  than  in  the  trivial 
and  superficial.  But  he  was  never  a  recluse ;  had  he  been  more  of  a 
recluse  perhaps  his  great  power  of  intimate  brooding  and  absorption, 
comUned  with  his  wide  mathematical  knowledge  and  preparedness, 
might  have  led  him  to  some  epoch-making  discovery. 

But  if  so  he  did  not  give  himself  the  chance ;  his  place  was  with 
the  captains  and  the  shouting,  and  the  intervals  of  leisure  for  real  con- 
tinuous work  were  few  and  far  between:  hence  he  leaves  no  book  and 
few  papers.  Not  so  few  as  people  think,  however;  many  were  published 
by  the  Boyal  Dublin  Society,  and  these  may  be  collected  and  made 
more  accessible  in  future ;  but  very  few  indeed  compared  with  his 
powers  and  the  fertility  of  his  brain. 

Had  he  lived  on  into  the  more  serene  atmosphere  of  a  Senior  Fellow* 
ship  of  Trinity  CoUege,  Dublin,  he  might  have  put  all  his  work 
together  and  brought  out  a  suitable  treatise  which  would  serve  as  a 
memorial,  a  landmark  for  later  time ;  but  he  lived  a  hard  and  strenuous 
life,  and  the  era  of  peace  was  still  in  the  future  when  he  died. 

I  saw  much  of  him  at  Bradford  last  September,  and  he  spoke  of 
indigestion  and  of  needful  care  and  caution  with  food ;  it  did  not  seem 
to  me  serious,  but  a  few  weeks  later  he  wrote  to  say  that  problems 
staved  on  his  mind  more  than  they  used,  and  interfered  with  him  and 
could  not  be  shaken  off,  and  that  he  was  not  allowed  to  think  con- 
tinuously. He  feared  that  he  might  be  permanently  debarred  from 
thinking  if  he  were  not  careful.  The  letter  frightened  me,  and  I  wrote 
round  to  several  who  were  likely  to  correspond  with  him,  and  to 
some  in  Dublin,  warning  them  of  danger  and  begging  them  to  be 
careful. 

Then  the  indigestion  grew  worse,  and  he  had  to  have  complete 
rest  and  isolation  from  letters;  but  the  internal  trouble  continued, 
and  suddenly  intensified;  then  an  operation,  and  the  peaceful  rapid 
end. 

The  electricians  of  the  world  will  not  resent  these  details :  surely 
they  regarded  him  as  a  friend.  They  ii^ill  wish  to  know  the  cause  and 
the  manner  of  the  end.  Into  many  parts  of  the  Earth,  wherever  cables 
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are  laid,  and  wherever  man  talks  Morse,  the  death  of  FitzOerald  has 
already  gone :  it  is  fitting  that  these  unknown  friends  of  his  should 
hear  the  few  details  which  we  in  England  know. 

It  is  right  that  such  a  man  should  be  honoured  for  his  great 
learning,  high  powers,  and  bright  achievements,  on  which  many 
from  various  points  of  view  can  speak ;  but  it  is  right  also  that  he 
should  be  be  lamented  on  his  human  side  by  one  who  loved  him  as 
a  brother. 

(From  Natur$i  March  7th,  1901.) 

Those  who  knew  the  University  of  Dublin  twenty  years  ago  will 
remember  that  the  idol  of  the  undergraduates  and  the  hope  of  the 
older  men  was  George  Francis  Fitz  Gerald.  He  was  of  high  intellec- 
tual lineage  on  both  sides :  his  father  was  the  most  distinguished 
prelate  in  the  Irish  Protestant  Church,  and  his  uncles  are  men  of 
large  and  original  scientific  achievement.  His  early  education  was 
conducted  at  home,  in  company  with  his  two  brothers,  one  (now 
professor  of  engineering  at  Belfast)  a  year  older  than  himself,  the 
other  younger.  He  was  good  at  physical  science  and  all  subjects 
requiring  close  observation,  from  his  earliest  years ;  and  the  ambition 
to  become  a  master  was  soon  aroused.  The  mathematical  and  physical 
tendency  seems  to  have  come  mainly  from  his  mother's  side,  his  strong 
metaphysical  bent  from  both  sides  of  the  family.  In  his  student 
career  he  attained  all  the  distinctions  that  lay  in  his  path  with  an 
ease,  and  wore  them  with  a  grace,  that  endeared  him  to  his  rivals  and 
contemporaries.  On  taking  his  first  dexrree  in  1871  he  settled  down, 
at  twenty  years  of  tige,  after  the  manner  of  the  pick  of  the  Dublin 
men,  to  a  wide  and  independent  course  of  reading  with  a  view  to  a 
Fellowship.  At  that  time  vacancies  were  of  very  rare  occurrence ; 
so  that  it  was  not  until  1 877,  on  his  second  time  of  trying,  that  he 
attained  the  position  of  a  Fellow  of  Trinity  College.  The  examination 
in  mathematical  and  physical  science  included  papers  on  selected 
portions  of  the  works  of  the  great  mathematical  physicists ;  to  a  mind 
of  the  calibre  of  Fitz  Gerald's,  the  early  and  intimate  acquaintance 
which  was  thus  promoted  with  the  classical  writings  of  Lagrange  and 
Laplace,  of  Hamilton  and  MacCullagh,  with  their  modes  of  thought 
as  well  as  the  results  that  they  won,  must  have  formed  the  best 
posssible  foundation  for  a  scientific  career.    A  training  which  aims 


Introductory  and  Biographical  xxiii 

only  at  tound  knowledge  and  established  results  may  find  a  shorter 
path  in  the  stody  of  the  latest  text-books  of  the  day;  bat  if  a  man  it 
to  be  a  tme  leader  he  must  be  interested  even  more  in  the  philosophy 
than  in  the  facts  of  his  science.  It  must  have  been  of  rare  Talne  to  a 
maturing  mind  of  keen  [temper  to  observe  closely  at  first  hand  the 
lines  of  attack  of  the  great  masters  of  the  past  age  on  problems  which 
were  crystallinng  into  knowledge.  Acquaintance  with  the  present 
state  of  science,  however  detailed  ond  «zact>  assumes  its  full  value  aa 
an  instrument  of  progress  only  when  it  is  accompanied  by  appreciation 
of  the  difficulties  that  had  to  be  circumvented  in  order  to  reach  it,  and 
by  obeervation  of  the  way  in  which  complete  logical  precision  may 
have  to  be  attained  at  the  expense  of  temporary  limitation.  The 
subjects  that  were  grouped  around  physical  optics  were  approached  in 
Dublin,  in  those  days,  through  the  study  of  UacCullagh's  optical 
memoirs;  these  writings  were  based  on  a  remarkable  combination  of 
keen  analysis  of  the  facts  and  direct  application  of  the  generalised 
dynamical  methods  of  Lagrange,  thus  presenting  all  tiiat  interest  of 
nascent  scientific  discovery  which  the  same  topics  still  retain  in  their 
wider  connexion  with  the  general  problem  of  the  ether.  Whatever 
may  be  the  defects  of  Mac  Culler's  analysis,  it  had  the  saving  merit 
that  it  put  forward  no  claim  to  finality ;  its  critical  comparison  and 
eontarast  with  those  of  Cauchy  and  I^eumann  and  Oreen,  and  the  difl* 
culties  which  its  procedure  suggested  from  a  restricted  dynamical  point 
of  view,  were  the  very  things  with  which  a  mathematical  analyst  might 
be  impatient,  but  over  which  a  mind  constituted  like  Fitz  Oerald't 
would  eagerly  brood.  When  the  great  Treatise  of  Maxwell,  which 
threw  a  fiood  of  light  on  these  fundamental  problems  from  an 
altogether  novel  source,  came  into  hands  thus  prepared  for  its  appre- 
ciation, it  is  not  surprising  that  a  main  scientific  interest  became 
established  for  life. 

After  obtaining  his  Fellowship,  Fitz  Gerald  became  attached  to 
the  department  of  experimental  physics,  and  conducted  or  influenced 
much  of  the  teaching  in  physical  science,  in  addition  to  carrying  on 
the  work  of  a  College  tutor.  In  the  latter  capacity  he  was  eminently 
successful.  It  was  an  object  of  ambition  to  gain  admission  to  his  side, 
which  was  always  full  a  long  time  in  advance.  He  had  considerable 
athletic  prowess,  which  was  kept  up  for  many  years ;  aud  his  services 
were  in  great  request  for  presiding  over  and  administering  the  athletie 
organisations  of  the  College.    He  gave  up  tutorial  work  in  1881  on 
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succeeding  to  the  Chair  of  Experimental  Philosophy,  which  he  held 
for  the  rest  of  his  life.  He  became  a  Fellow  of  the  Boyal  Society  in 
1883,  and  in  1899  received  the  award  of  one  of  its  Bojal  Medals. 

In  those  earlj  years  there  were  three  main  centres  of  development 
of  the  new  departure  in  electrical  theory  which  has  since  revolution- 
ised the  whole  domain  of  physical  science.  Maxwell's  own  presence 
as  a  professor  had  guided  the  trend  of  physical  thought  at  Cambridge 
predominantly  into  that  direction  which  it  has  since  largely  retained ; 
in  Berlin,  Helmholtz  was  devoting  his  great  powers  and  turning  the 
attention  of  his  pupils  to  the  discussion  and  elucidation  of  the  subject; 
while  in  Dublin  its  study  and  investigation  became  vital  under 
Fitz  Gerald's  lead  and  influence.  His  chief  formal  memoir,  '*  On  the 
Electromagnetic  Theory  of  the  Reflexion  and  Eefraction  of  Light," 
was  presented  to  the  Koyal  Society  at  the  end  of  the  year  1878 ;  it 
retains  a  place  among  the  classical  writings  of  modem  physics.  In  the 
years  from  1880  to  1885  he  contributed  to  the  publications  of  the 
Boyal  Dublin  Society,  of  which  he  was  secretary  for  about  ten  years, 
many  short  condensed  papers,  on  the  optical  and  electric  influence  of 
the  Earth's  motion,  on  the  amount  of  the  electric  radiation  from  an 
alternating  current,  on  a  model  illustrating  the  properties  of  the 
ether,  all  of  which  went  straight  without  superfluous  analysis  to  the 
core  of  the  matter  on  hand,  and  eminently  merit  Mr.  Heaviside's 
description  {infra)  as  ''not  large  in  bulk,  but  very  choice  and 
original."  At  the  present  time,  after  so  much  progress  has  been 
made  in  the  abstruse  but  fundamental  topics  with  which  they  deal, 
these  pioneering  papers,  like  Maxwell's  Treatise,  on  which  they  are 
based,  still  repay  careful  study.  It  is  much  to  be  desired  that  they 
may  soon  be  republished  in  more  accessible  form,  along  with  their 
author's  other  scattered  writings. 

As  years  passed,  the  calls  on  his  time  became  more  numerous,  in 
the  tender  core  of  his  family,  in  the  discharge  of  public  duties,  and  in 
response  to  requests  for  advice  from  an  ever- widening  circle  of  devoted 
scientiflc  friends ;  so  that  his  opportunities  for  continuous  study  almost 
disappeared.  But  he  always  managed  to  keep  wonderfully  abreast  of 
scientific  progress  in  a  very  wide  range  of  knowledge,  and  spent  most 
of  his  spare  time  in  deeply  pondeiing  over  its  meaning.  The  scientiflc 
public  of  this  country  was  placed  very  early  in  touch  with  Hertz's 
magniflcent  and  decisive  verification  of  electrodynamic  theory,  through 
the  attention  commanded  by  Fitz  Gerald's  brilliant  exposition  in  his 
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Britidi  Association  address  of  1888.  It  was  fitting  that  this  should 
come  from  him ;  for,  as  Lord  Kelvin  has  recalled,  he  had  five  jears 
hcf ore  pointed  out  to  the  British  Association  the  possibilities  of  the 
very  plan  of  obtaining  electric  radiation  of  manageable  ware-length 
which  in  Hertz's  hands  has  led  to  success.  His  own  activity  became 
more  and  more  absorbed  in  the  administration  of  the  College  laboratory, 
rendered  more  arduous  by  limited  funds  and  distance  from  other  scien- 
tific centres,  and  in  the  promotion  of  the  practical  and  technical  side 
of  physical  science.  Yet  he  still  followed  very  closely  the  progress  of 
abstract  mathematical  physics ;  hardly  anyone  could  be  named  who 
had  thought  more  deeply,  or  whose  knowledge  was  more  available  and 
many-sided,  more  entirely  free  from  all  prepossession  or  prejudice. 
At  the  meeting  of  the  British  Association  last  September  he  was,  as 
usual,  present,  and  was  of  course  one  of  the  prominent  figures ;  the 
writer,  speaking  from  full  knowledge,  con  testify  that  the  proceedings 
of  the  physical  section  were  intei-esting  and  succesful  from  one  cause 
beyond  all  others — the  assiduity  with  which  he  devoted  himself  to 
attendance,  and  the  unceasing  flow  of  valuable  suggestion  and 
appreciative  criticism  which  he  contributed.  His  stores  of  know- 
ledge were  ripening  and  maturing  in  fibre  year  by  year ;  his  memory 
was  unfailing,  and  each  new  fact  or  phenomenon  seemed  to  find  its 
place  at  once  in  the  setting  to  which  it  belonged.  Whatever  views 
were  presented  to  him,  however  much  they  jarred  with  his  own  ideas, 
were  certain  to  receive  patient  and  careful  consideration.  There  was 
nobody  who  did  more  to  encourage  younger  men  and  to  bring  out 
what  was  best  in  them ;  the  time  which  he  was  accustomed  to  devote 
without  stint  to  the  elucidation  and  improvement  of  the  work  of  others 
sadly  diminished  the  opportunities  for  work  more  especially  his  own. 
His  advice  and  judgment  were  valued  over  the  whole  range  of  physical 
science,  not  less  in  foreign  lands  than  at  home,  notwithstanding  that 
he  published  so  little.  "When  a  physicist  or  physical  chemist  came  to 
a  puzzle  or  paradox,  or  was  in  doubt  between  various  plans  of  proce- 
dure, it  seems  to  have  come  to  be  almost  the  natural  course  to  write  to 
Fitz  Gerald.  A  letter  of  inquiry  or  criticism  always  elicited  a  prompt 
reply,  entirely  devoid  of  pretension  to  magisterial  authority,  but  certain 
to  bring  out  new  aspects  of  the  subject  and  exhibit  its  connections  with 
other  problems.  He  was  constantly  acting  as  referee  of  scientific 
papers  for  the  Boyal  Society  and  other  bodies,  and  was  accustomed  to 
interest  himself  in  them  as  if  they  were  his  own  work. 
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He  frequcntlj  acceded  to  requests  to  serve  as  examiner  on  physics 
in  other  UniTcrsities,  notwithstanding  the  serious  drafts  on  his  time 
and  energy  that  were  involved ;  his  connexion  with  the  University  of 
London  in  that  capacity  has  hccn  almost  uninterrupted  since  1888. 
He  became  one  of  the  Commissionei-s  of  2^ational  Education  in  Ireland 
in  1898,  and  immediately  threw  himself  into  the  task  of  reconstituting 
primary  education  on  more  practical  lines,  undertaking  a  tour  through 
the  United  States  in  the  autumn  of  that  year  in  order  to  study  American 
methods.  Last  year  he  was  appointed  a  member  of  the  Irish  Board  of 
Intermediate  Education,  and  much  was  expected  from  his  assistance  in 
working  out  the  difficult  problems  that  engage  their  attention.  In 
his  own  Univci'sity  he  was  always  in  the  forefront  of  progress,  and 
often  wished  to  move  faster  than  an  ancient  institution  is  usually 
inclined  to  aUow. 

In  a  private  letter,  in  response  to  a  hurried  intimation  of  Fitz- 
Gerald's  death,  ^.  0.  Heavisido  writes  as  follows: — **I  only  saw 
him  twice  knowingly,  once  for  two  hours,  and  then  again  for  six  hours, 
after  a  long  interval ;  yet  we  had  a  good  deal  of  correspondence  at  one 
time,  and  I  seemed  to  have  quite  an  affection  for  him.  A  mutual 
understanding  had  something  to  do  with  that.  You  know  that,  in  the 
pre-Hertzian  days,  he  had  done  a  good  deal  of  work,  not  large  in  bulk 
but  very  choice  and  original,  in  relation  to  the  possibilities  of  Max- 
well's theory,  then  considerably  undeveloped  and  little  understood; 
and  his  way  of  looking  at  things  was  more  like  my  own  than  anybody's. 
Well,  he  found  that  I  had  done  a  lot  of  work  in  the  same  line,  and  he 
was  most  generous  in  recognising  and  emphasising  it.  Too  generous, 
of  course.  You  remember  that  review  of  my  *  Electrical  Papers '  that 
he  wrote  ?  2^o  one  knew  better  than  myself  how  to  allow  for  his 
temperament  and  desire  to  help  me.  He  used  to  write  to  me  a  good 
deal  about  electromagnetic  problems,  and  I  laid  down  the  law  to  him 
like — like  myself,  in  Jact.  He  took  it  all  very  pleasantly.  But  I 
knew  all  the  while  that  he  had  a  wider  field  than  myself,  and  no  time 
to  specialise  much.  He  had,  undoubtedly,  the  quickest  and  most 
original  brain  of  anybody.  That  was  a  great  distinction ;  but  it  was, 
I  think,  a  misfortune  as  regards  his  scientific  fame.  He  saw  too  many 
openings.  His  brain  was  too  fertile  and  inventive.  I  think  it  would 
have  been  better  for  him  if  he  had  been  a  little  stupid — I  mean  not  so 
quick  and  versatile,  but  more  plodding.  He  would  have  been  better 
appreciated,  save  by  a  few." 
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Frof.  W.  Bamsaj  writes  on  the  day  foUowing  his  return  from 
India,  when  the  first  news  came  to  him : — 

''  I  understand  that  it  has  been  thought  right  for  some  of  litz- 
Gerald's  friends  to  contribute  each  a  short  notice  of  him  as  a  tribute  to 
his  memory.  The  blow  is  so  recent  and  the  feeling  of  personal  loss 
so  acute  that  this  is  a  difficult  task.  But  to  me,  as  to  many  others, 
Fitz  Gerald  was  the  truest  of  true  friends ;  always  interested,  always 
sympathetic,  always  encouraging,  whether  the  matter  discussed  wos 
a  personal  one,  or  one  connected  with  science  or  with  education. 
And  yet  I  doubt  if  it  were  these  qualities  alone  which  made  his  pre- 
sence so  attractiye  and  so  inspiring.  I  think  it  was  the  feeling  that 
one  was  able  to  conrerse  on  equal  terms  with  a  man  who  was  so 
much  aboTo  the  level  of  one's  self,  not  merely  in  intellectual  qualities 
of  mind,  but  in  every  respect.  I  know  that  Fitz  Gerald  would  have 
been  the  last  to  acknowledge  this,  for  he  had  no  trace  of  intellectual 
pride ;  he  never  put  himself  forward,  and  had  no  desire  for  fame ;  he 
was  content  to  do  his  duty.  And  he  took  this  to  be  the  task  of  help- 
ing others  to  do  theirs.  This  was  happily  expressed  by  the  President 
of  the  Eoyal  Society  in  awarding  him  one  of  the  Koyal  Medals,  when 
he  alluded  to  the  great  influence  exercised  on  the  progress  of  science, 
due  to  Fitz  Gerald's  placing  his  services  tmreservedly  at  the  disposal 
of  everyone  anxious  to  carry  on  physical  or  chemical  research. 

"  I  do  not  think  that  Fitz  Gerald  ever  harboured  an  angry  or 
uncharitable  thought  about  anyone,  nor  have  I  ever  known  anyone 
who,  knowing  him,  did  not  regard  him  with  the  greatest  love  and 
respect;  for  he  was  known  to  be  absolutely  true  to  himself,  and 
therefore  to  his  fellow-men.  Although  he  held  strong  views  on 
many  points,  and  could  defend  them  with  vehemence,  his  argument  was 
never  a  personal  one ;  and  it  was  obvious  that  he  was  actuated  solely 
by  a  love  of  truth,  and  that  his  only  object  was  to  defend  what  he 
thought  to  be  right.  Moreover,  what  Fitz  Gerald  thought  to  be  right 
was  pretty  sure  to  turn  out  to  be  right  in  the  long  run.  May  I  suggest 
as  the  reason  why  Fitz  Gerald  was  so  universally  beloved,  that  he  was 
a  Christian  in  the  truest  sense  of  the  word,  and  that  he  followed  very 
closely  the  footsteps  of  his  Master  ?  '* 

In  a  letter  from  Prof.  Tilden  to  the  Time»  of  February  27,  in  which, 
as  Dean  of  the  Faculty  of  Science  of  the  University  of  London,  he 
''  places  on  record  their  high  appreciation  of  his  brilliant  qualities  as  a 
man,  as  a  teacher,  as  an  investigator,  as  a  leader  of  scientific  thought,'* 
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be  goes  on  to  speak  on  his  own  behalf  of  Fitz  Gerald's  modesty  and 
extreme  unselfishness,  of  the  clarification  and  enlightenment  which 
many  a  scientific  man  has  owed  to  his  inspiring  conversation^  of  the 
''  most  memorable  discourse  "  which  he  delivered  to  the  Chemical 
Society  in  1896  as  the  Helmholtz  lecture.  The  key  of  deep  personal 
loss  is  struck  in  a  touching  and  eloquent  tribute  communicated  to  the 
JSleetrician  by  Dr.  0.  Lodge,  and  in  a  shorter  notice  in  the  Times  and 
the  Philosophical  Magazine^  coming  from  one  who  writes  with  authority 
on  the  industrial  applications  of  science. 

Prof.  Perry,  speaking  as  President  of  the  Institution  of  Electrical 
Engineers,  records  that ''  in  all  engineering  questions  he  had  not  only 
the  laboratory  experimenter  s  point  of  view,  but  also  that  of  the 
practical  engineer.  His  was  a  mind  that  saw  the  bearing  of  all 
scientific  knowledge  on  any  practical  problem.  I  have  no  hesitation 
in  saying  that  in  Prof.  Pitz  Gerald  our  profession  has  lost  one  of  its 
greatest,  most  beneficent  forces."  In  proposing  a  vote  of  condolenoe, 
Prof.  Ayrton  spoke  to  the  same  effect. 

The  pride  and  affection  which  he  inspired  in  his  own  College  is 
revealed  in  a  masterly  appreciation  contributed  to  the  Athenaum  by 
one  of  his  colleagues  on  the  literary  side.  **  His  appearance  was  not 
tmworthy  of  his  fame.  More  striking  he  was  than  handsome ;  but  his 
ample  grey  locks  and  beard,  his  furrowed  brow,  his  penetrating  eyes, 
reminded  one  of  the  bust  of  some  Greek  philosopher,  which  we  cannot 
look  upon  without  that  instinctive  feeling  of  respect  which  intellect 
and  character  command  among  civilised  men." 

For  some  years  he  had  been  in  precarious  health.  He  was  subject 
to  recurring  attacks  of  digestive  trouble ;  but  the  buoyancy  with 
which  he  threw  them  off,  and  the  imabated  zeal  with  which  he 
returned  to  his  scientific  pursuits  in  the  intervals  of  health,  concealed 
the  real  gravity  of  the  situation.  News  of  a  sudden  crisis  was  received 
in  London  and  Cambridge  with  universal  feelings  of  deep  concern.  He 
has  now  passed  (on  February  21)  from  the  scene  of  an  active  and  most 
beneficent  career,  in  the  fiftieth  year  of  his  age.  His  memory  will 
not  die.  It  will  be  carried  on  by  a  school  of  experimental  physics, 
including  the  names  of  Joly  and  Preston  and  Trouton  and  W.  E. 
Wilson,  which  he  was  mainly  instrumental  in  creating;  while  in  a 
wider  sphere  men  such  as  Heaviside  and  Lodge  and  Ramsay  and  Perry 
have  been  proud  to  testify  to  their  indebtness  and  to  claim  him  as 
their  master.    His  scientific  place  will  he  henceforth  alongside  Rowan 
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Hamflton  and  MacCnUagh  and  Hnmphrej  Lloyd,  and  the  other 

fBmona  men  who  have  secured  for  the  Dublin  school  so  prominent  a 

position  in  the  edifice  of  modem  physical  science.    In  the  higher 

domain  of  heart  and  conduct  the  recollection  of  his  qualities  will  be  an 

abiding  treasure  to  all  who  knew  him. 

J.L. 

[FiOB  the  FM€Hding$  of  iks  JnHUutioH  o/ElecirietU  JSttffiimri^  1901. 

B7  Prof.  F.  T.  Trouton,  F.E.8.]. 

Obobob  Fbakcis  FitzOebald  was  bom  in  1851  at  the  old  Beetorj, 
KiIl-o*-the  Orange,  llonkstown,  Co.  Dublin,  of  which  parish  his  father, 
afterwards  successirely  Bishop  of  Cork  and  Killaloe,  was  then  rector. 
His  education  was  a  home  one  under  tutor,  until  he  entered  Trinity 
College,  Dublin,  at  the  age  of  sixteen  in  1867.  His  Undergraduate 
Course  in  the  Uniyersity  was  a  most  distinguished  one,  he  taking  the 
hi^est  place  in  Uathematics  and  Experimental  Science  at  his  Degn*e 
in  1871.  He  gained  a  Fellowship  in  1877,  and  in  1881  was  appointed 
the  Eitismus  Smith  Professor  of  Natural  Philosophy,  which  post  he 
held  for  the  rest  of  his  life.  He  was  elected  a  Fellow  of  the  Boyal 
Society  in  1883,  and  in  1899  he  had  conferred  upon  him  one  of  the 
Society's  Boyal  iredal!<.  He  was  made  an  Honorary  Fellow  of  the 
Boyal  Society,  Edinburgh,  in  1900. 

Up  to  his  appointment  to  the  Professorship  there  had  been  no 
teaching  in  Dublin  in  Practical  Physics,  but  on  his  obtaining  possession 
of  an  old  disused  chemical  laboratory,  he  started  classes  in  Experimental 
Physics,  and  shortly  gathered  round  him  earnest  workers  in  that  branch 
of  science.  He  erer  had  at  heart  the  claims  of  experimental  science 
in  his  University,  and  though  he  succeeded  in  effecting  considerable 
advances,  it  remained  to  the  end  a  source  of  disappointment  to  him 
that  he  could  not  move  the  authorities  to  biing  things  up  to  the 
requirements  of  the  day. 

Fitz  Oerald  was  early  impressed  in  electrical  matters  with  Max* 
well's  views,  then  new  and  imperfectly  understood  by  the  scientific 
world,  and  actively  introduced  them  into  his  teacliing.  He  published 
in  1876  his  first  paper  on  the  '*  Rotation  of  the  Plane  of  Polarisation 
of  light  by  Befiection  from  the  Pole  of  a  Magnet,"  and  in  1880  hia 
psper  on  the  **  Electro-magnetic  Theory  of  Befiection  and  Kefraction 
of  Li^t,"  in  which  he  showed  how  the  relations  established  in  the 
older  theories  were  in  agreement  with  Maxwell's  "  Electro-magnetic 
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Theory  of  Light "  and  afforded  it  signal  support.  From  that  time  he 
continnouslj  interested  himself  in  this  subject,  and  in  the  possibility 
of  obtaining  by  electromagnetic  means  MaxwcUian  lladiation. 

Many  of  his  papers  to  the  Eoyal  Dublin  Society  and  elsewhere 
elucidated  this  question,  and  he  succeeded  in  devising  means,  the  only 
one  still  available,  for  producing  these  electromagnetic  waves.  He 
was  deterred  from  making  practical  application  of  them  by  not  seeing 
at  the  time  how  the  presence  of  these  waves  might  be  detected.  He 
thus  was  prepared  for  and  warmly  welcomed  the  announcement  of 
Hertz's  achievements  in  electromagnetic  radiation,  and  brought  these 
discoveries  prominently  befoie  the  English  scientific  world  in  his 
■address  to  the  ^lathematical  and  Physical  Section  of  the  British 
Association  in  Bath  in  1888,  and  later  in  a  lecture  at  the  Royal  Insti- 
tution. Both  these  discourses  were  rich  in  pregnant  ideas  and  sugges- 
tions, which  helped  on  and  inspired  in  no  small  degree  the  great  body 
of  work  wbich  was  shortly  to  put  our  knowledge  of  electromagnetic 
radiations  into  tlie  position  of  being  available  for  practical  appli- 
cations. 

In  1885  he  invented  and  constructed  a  model  illustrating  ATaxwell's 
theory  of  electric  and  magnetic  displacement,  which  was  of  considerable 
influence  in  meeting  the  objections  then  often  urged  that  the  ether 
postulated  was  unmechanical. 

He  published  in  1879  a  paper  on  **  Vapoui*  Pressure  near  Curved 
Liquid  Surfaces,"  in  which  he  gave  on  explanation  based  on  molecular 
considerations  of  the  well-known  relations  established  earlier  by  Lord 
Kelvin  from  thermodynamics.  He  contributed  important  papers  on 
numerous  other  questions  to  vaiious  scientific  societies  which  are  to  be 
found  in  their  publications. 

His  mind  was  of  an  eminently  practical  type  and,  had  his  life  been 
one  thrown  more  in  inmiediate  contact  with  the  pressing  problems  of 
engineering,  would  doubtless  have  produced  much  fruit  in  inventive 
applications  of  science. 

For  many  years  he  took  an  active  part  in  general  educational 
matters,  both  in  his  own  University  and  elsewhere.  To  his  assistance 
was  largely  due  the  inauguration  in  Ireland  of  technical  education, 
and  the  founding  in  Dublin  in  1887  of  the  Kevin-street  Technical 
Schools,  in  which  he  continued  until  his  death  to  take  an  active 
interest. 

He  was  a  Member  of  the  Board  of  2(ational  Education  for  Ireland, 
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and  to  him  in  great  measure  must  be  attributed  the  improTementa  of 
late  introduced  into  the  system  of  primary  education.  He  was  a 
member  of  the  recently  created  Board  of  Technical  Instruction  for 
Ireland,  to  which  he  was  able  to  give,  on  its  inception,  important 
guidance  through  his  extensive  knowledge  of  the  subject.  He  was 
also  a  member  of  the  Board  of  Intermediate  Education. 

His  friends  felt  for  some  time  that  all  this  work  for  the  public 
weal,  when  added  to  his  scientific  and  professional  duties,  was  grow- 
ing beyond  his  powers  of  physical  endurance.  It  no  doubt  tended  to 
aggniTute  during  the  last  year  the  digestive  disorders  he  was  subject 
to,  and  to  which  he  succumbed  at  the  comparatirely  early  age  of 
forty-nine.  He  passed  away  at  a  time  when  his  great  knowledge  and 
matured  judgment  were  being  fully  appreciated,  and  when  his  attain- 
ments wei-e  being  freely  utilised  for  the  benefit  of  his  country. 

Fitz  Gerald  was  himself  a  most  enthusiastic  teacher,  and  his  pupils 
ever  felt,  even  in  the  most  commonplace  subjects,  that  they  were 
being  carried  along  with  him  in  paths  leading  to  new  realms  of 
knowledge. 

His  judgment  and  advice  on  matters  relating  to  scientific  research 
were  widely  appreciated.  This  entailed  an  ever-increasing  correspon- 
dence which  he  ungrudgingly  maintained,  giving  help  to  otber  workers 
in  scieace  the  results  of  which  it  would  be  hard  to  over-estimate. 

His  acquaintance  with  what  had  been  already  done  in  science  was 
extensive.  This,  with  his  own  inventive  skill,  was  always  at  the 
disposal  of  those  seeking  his  assistance. 

At  scientific  gatherings  and  discussions  he  stood  out  pre-eminent 
through  a  power  of  rapidly  grasping  the  essential,  and  few  subjects 
arose  on  such  occasions  to  which  he  did  not  add  interest  from  his  clear 
penetrating  vision. 

His  presence  was  always  a  welcome  one  among  his  friends,  and 
ever  carried  with  it  a  feeling  and  influence  of  an  elevating  nature.  It 
is  given  to  few  men  to  leave  with  their  very  intimates  a  memory,  as 
it  were,  of  a  superior  being ;  such  did  he. 

Professor  Fitz  Gerald  was  President  of  the  Physical  Society  of 
London  in  1892.  He  was  elected  a  Member  of  the  Institution  of 
Electrical  Engineers  on  the  10th  of  December,  1891.  On  the  for- 
mation of  the  Dublin  Local  Section  in  1899  he  was  elected  first 
Chairman  of  the  Section,  and  his  inaugural  address  in  that  capacity 
was  printed  in  the  Journal  of  the  Institution  in  1900. 
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[Prom  the  Ohitmry  Noiieet  of  the  Royal  Society,  1901. 
By  Principal  ().  J.  Lodge,  F.R.S.]. 

A  THOBouon  attempt  to  estimate  the  scientific  Talae  of  Fitz  (}erald*8 
life  and  work  cannot  yet  be  made:  a  summary  of  his  published 
writings  can  be  given,  and  an  indication  can  be  added  of  the  high 
estimation  in  which  he  was  held  by  scientific  men  in  these  islands. 
To  the  foreigners  and  to  men  who  have  not  been  brought  into 
immediate  contact  with  him  his  reputation  may  seem  hardly  intel- 
ligible ;  and,  indeed,  we  are  often  constrained  to  plead  guilty  to  a 
sort  of  family  affection  existing  among  British  Physicists,  and  a 
sympathetic  understanding  running  through  our  appreciation  of  them, 
which  tempts  us  occasionally  to  be  unduly  inattentive  to  some  of  the 
first-class  work  of  Physicists  outside.  It  is  not  a  fault  on  which  we 
pride  ourselves:  it  is  one  which  wc  lament:  it  is  one  which  may 
shortly  cure  itself,  as  death  removes  one  after  another  of  those 
countrymen  of  the  last  generation  whom  we  have  held  in  such  high 
honour.  The  time  will  doubtless  come  when,  with  our  eyes  opened 
by  bereavement,  we  can  estimate  in  a  manner  less  hampered  by 
intimate  insular  knowledge  the  equal  achievements  of  foreigners ;  but 
meanwhile  we  must  plead  as  excuse  the  extraordinary  personal  merit 
and  character  of  some  recent  Physicists,  notably  of  Fitz  Gerald,  in 
whom  those  who  knew  him  best  could  detect  least  flaw.  But 
foreigners  came  under  the  same  influence  when  they  were  brought 
into  contact  with  him :  witness  Ostwald  at  Leeds,  and  Lenard  at 
Liverpool ;  it  may  be  doubted  whether  there  ever  was  a  man  of  equal 
scientific  power,  agility  of  thought,  and  selflessness,  combined. 

George  Francis  Fitz  Gerald  was  bom  on  August  3,  .1851,  and  died 
on  February  22, 1901,  before  he  was  fifty  years  of  age. 

He  was  the  second  son  of  the  Rev.  William  Fitz  Gerald,  D.D., 
afterwards  Lord  Bishop  of  Cork,  and  later  of  Xillaloe  :  being  at  the 
time  Hector  of  St.  Ann's,  Dublin.  His  mother  was  a  sister  of 
Dr.  G.  Johnstone  Stoney,  F.H.S.  He  did  not  go  to  school,  but  was 
educated  at  home  under  stimulating  circumstances,  and  to  this  fact 
may  be  attributed  some  of  the  retention  of  his  innate  originality. 

He  was  not  specially  remarkable  for  early  ability,  as  he  did  not 
possess  any  conspicuous  faculty  for  acquiring  languages  or  other 
learning  involving  verbal  memory;  he  was  good  at  arithmetic, 
algebra,  and  Euclid,  of  an  inventive  turn  of  mind  mechanically,  and 
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skilful  with  hift  fingers  in  sewing,  knitting,  and  sach  work ;  also  he 
developed  considerable  athletic  powers,  though  he  was  never  specially 
competent  at  games. 

"While  still  only  16  he  went  to  Trinity  College,  Dublin,  where  he 
soon  took  a  high  place ;  and  on  obtaining  his  degree,  in  1871,  he  won 
the  University  Studentship,  with  two  First  Senior  lloderatorships  in 
Mathematics  and  Experimcntul  Science. 

During  six  years  of  post-graduate  study  for  the  Fellowship,  he  laid 
the  foundation  of  his  deep  and  wide  knowledge  of  Physical  Science 
by  study  of  the  classical  writings  of  some  of  the  Uasters  in 
Mathematics  and  Physics,  notably  Lagrange,  Laplace,  Hamilton,  and 
MacCullagh.  He  also  made  some  study  of  Metaphysics,  and  was 
permanently  attracted  by  the  philosophy  of  Bishop  Berkeley. 

In  1881  he  was  elected  to  the  Erasmus  Smith  Professorship  of 
Natural  and  Experimental  Philosophy,  vacant  by  the  death  of 
Prof.  Leslie;  and  work  gradually  began  to  accumulate  upon  him. 
Fortunately  he  was  able  to  turn  his  mind  readily  aod  persibtently  to 
anything  that  was  brought  before  him,  and  in  the  midst  of  interrup* 
tion  could  sit  absorbed  in  either  reading  or  jotting  down  calculations, 
sometimes  of  considerable  complexity.  But  the  leisure  for  long 
patient  analysis  was  not  his,  nor  did  his  genius  altogether  lie  in  this 
direction :  he  wa»  at  his  best  when,  under  the  stimulus  of  discussion, 
his  mind  teemed  with  brilliaut  suggeetions,  some  of  which  he  at  once 
proceeded  to  test  by  rough  quantitative  calculation,  for  which  he 
was  an  adept  in  discerning  the  necessary  data.  The  power  of 
grasping  instantly  all  the  bearings  of  a  difficult  problem  was  his  to 
an  extraordinary  degree,  and  it  was  rare  indeed  that  a  thought  or  a 
difficulty  could  be  presented  to  him  over  which  he  had  not  at  some 
period  previously  brooded.  If  it  were  not  so— if  the  ideas  were  really 
then  presented  for  the  first  time—his  quickness  in  seizing  them 
was  miraculous.  It  is  easier  to  suppose  that  during  his  long  and 
strenuous  course  of  reading,  and  in  the  stimulating  mental 
atmosphere  of  Trinity  College,  in  conversation  also  with  his  uncle, 
Br.  Johnstone  Stonoy,  and  otliers,  nearly  all  the  problems  in  physics 
likely  to  occur  to  contemporaries  had,  in  some  form  or  other,  come 
within  his  ken :  and  hence  hardly  anything  that  could  be  suggested 
seemed  altogether  new  and  strange  to  him.  Nor  did  his  know- 
ledge seem  to  have  sxmk  into  any  kind  of  oblivion ;   there  it  was, 

always  accessible,  and  with  an  added  conmientary  of  his  own  quite 
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ready,   to  the  surprise  and  delight  of  those  who  convened  with 
him. 

So,  for  instance,  occurred  his  perception  of  the  influence  of  light> 
pressure  in  Astronomy  ;  also  of  the  emission  by  the  Sun  of  electrified 
particles  which  streaming  past  the  eai-th  might  give  rise  to  magnetic 
storms  and  auronc,  before  our  knowledge  of  electrons  made  this  ii|eu 
easy  or  quantitatively  feasible.  So  also  occurred  that  brilliant 
suggestion  of  the  change  of  shape  or  distortion  duo  to  motion 
through  ether,  now  known  as  the  Fitz  Gerald-Lorentz  hypothesis, 
which  flashed  on  him  in  the  writer*s  study  ut  Liverpool  as  he .  was 
discussing  the  meaning  of  the  Michelson-Morley  experiment.  Of  this 
nature  also  was  his  suggestion  to  utilise  the  oscillatory  discharge 
of  a  Leydea  jar  as  a  means  of  exciting  ether  waves :  an  idea  which 
roughly  had  occurred  to  others  before  (the  writer  flnds  it  in  one 
of  his  own  note-books  of  date  1879-80),  but  with  Fitz(}erald  it 
became  quickly  definite,  leading  him  to  investigate  not  merely  the 
easy  problem  of  the  wave-length  to  be  expected,  but  the  much  moxe 
difficult  question  of  the  amount  of  power  that  would  be  radiated  by 
an  alternating  current  in  any  given  case. 

Directly  Hertz's  experiments  were  published,  Fitz  Oerald  discerned 
their  whole  significance,  and  in  his  brilliant  Presidential  address  to 
Section  A  of  the  British  Association,  at  Bath,  called  the  world's 
attention  to  them  in  an  unmistakeable  manner.  Had  it  not  been  for 
the  English  recognition  they  received,  it  is  improbable  that  the  work 
of  Hertz  would  have  been  hailed  Avith  the  immediate  chorus  of 
imiversal  approbation  which  it  commanded ;  for  the  work  of  his  own 
countrymen  had  mainly  lain  on  other  lines ;  and  even  to  Hertz 
himself  the  theory  of  Clerk  ^laxwell  only  gradually,  and  subsequently 
to  his  verifying  experiments,  became  quite  clear  and  familiar.  Un- 
doubtedly Fitz  Gerald  recognized  more  Wvidly  than  Hertz  himself  at 
that  time  the  full  import  of  his  experiments, — the  German  title  of 
which  was  far  from  re  presenting  the  plain  signidcance  of  the  title 
applied  by  Lord  Kelvin  to  the  later  English  translation,  viz., 
"  Electric  Waves."  This  is  no  dispai-agement  to  Hertz :  rather  it 
strengthens  our  admiration  of  him  to  perceive  how  quickly  and 
perfectly  he  could  emancipate  himself  from  national  traditions, 
and  constitute  himself  jan  apostle,  and  one  of  the  most  powerful 
exponents,  of  the  Maxwellian  Theory  of  Light. 

But  to  Fitz  Gerald  all  this  was  fundamental  and  familiar — he  had 
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got  beyond  the  analjsisy  and  rcrelled  in  full-bodied  eoneeption  and 
pictorial  imagery  and  mechanical  modela  of  what  was  going  on ;  and 
these  dear  perceptions  of  his,  with  a  realization  of  much  of  this 
outcome  that  might  Ite  expected,  were  really  of  more  ralue  and  con- 
tributed more  to  the  progress  of  science  than  did  his  own  laborious 
analytical  inrestigation  of  the  Electro-magnetic  Theory  of  the  Be- 
flexion  of  Light  from  Insulators,  from  Crystalline  Bodies,  and  from 
Magnetized  Media,  which  constitutes  his  chief  systematic  memoir: 
powerful  and  impressiye  as  the  complete  mathematical  analysis  of  so 
difficult  a  subject  necessarily  was. 

Another  aspect  of  the  man  was  his  extraordinary  and  sympathetic 
critical  power.  He  did  not  seem  to  mind  reading  other  people's 
papers  and  proofs ;  entering  into  their  point  of  view  seemed  to  him  to 
present  no  difficulty,  nor  did  the  immediate  correction  of  blunders  into 
which  they  might  hare  fallen  seem  to  present  any  difficulty,  or  suggest 
any  claim  to  superiority. 

As  an  ordinary  man  can  correct  a  schoolboy's  sum,  or  an  exercise 
in  simple  mechanics  or  geometry,  so  he  could  tackle  a  difficult  Boyal 
Society  paper,  or  a  Treatise  say  on  Thermodynamics  or  on  Physical 
Chemistry,  and  point  out  both  the  merits  and  the  flaws  in  it  at  once. 
Nerer  was  anyone  so  clear  on  the  subject  of  the  pitfalls  which  onoe 
awaited  the  unwary  chemist  or  applier  of  the  second  law  of  Thermo- 
dynamics to  Physical  and  Chemical  problems  :  the  result  being 
correct,  or  at  least  acceptable,  it  is  so  easy  to  bolster  it  up  by  a  false 
application  of  quasi-mathematic  or  thermodynamic  reasoning;  but 
all  such  fallacies  were  instantly  detected  by  Fitz  Gerald,  and  the 
essential  requirements  of  both  reversible  and  cyclical  processes,  as  the 
basis  of  systematic  theory,  insisted  on. 

Suggestions  for  experiment  frequently  occurred  to  him,  but  were 
seldom  carried  out  with  his  own  apparatus;  rather  he  preferred  to 
hand  on  both  the  labour  and  the  honour  of  an  experimental  research 
to  some  assistant  or  student,  to  whose  reputation  a  successful  result 
would  make  all  the  difference ;  and  many  results  obtained  by  others 
probably  owe  their  initiation  to  him. 

By  reason  of  these  peculiarities  of  disposition  his  published  memoirs 
may  not  impress  forei^mers,  or  those  who  did  not  know  him,  with  a 
proper  idea  of  his  real  magnitude ;  but  it  is  probable  that  they  will 
ncTertheless  produce  a  very  considerable  impression.  For  so  many  of 
his  contributions  to  Science  were  made  to  the  Royal  Dublin  Society  (of 

C   2 
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which  he  acted  as  Secretary  from  1881  to  1889),  or  orally  to  the 
British  Association  —  neither  of  which  agencies  is  specially  well 
adapted  for  informing  the  world  generally — ^that  to  many  the  memoirs 
which  will  shortly  be  published,  under  the  careful  editorship  of  Dr. 
Larmor,  will  be  new,  and  will  come  as  a  reyelation  of  solid  and 
industrious  work. 

Neyertheless,  once  more  it  must  be  said  that  his  wide  knowledge^ 
aud  brilliant  speculations  based  upon  that  knowledge,  were  what 
impressed  his  friends  the  most.  Sometimes  they  seemed  almost  too 
fanciful,  too  far-reaching  ahead  of  solid  fact,  too  intangible  and 
fantastic  to  be  attractiye ;  that  is  the  case  to  some  extent,  for  instance, 
with  parts  of  the  Helmholtz  Lecture,  where  the  beauty  and  the 
possibilities  of  the  vortex  hypothesis  of  the  constitution  of  matter  and 
of  the  structure  of  the  ether  entice  him  into  regions  where  substantial 
mathematical  progress  is  hardly  yet  possible.  Into  this  region,  how- 
ever, the  human  race  must  advance,  if  it  is  to  proceed  with  the  uni- 
fication of  matter  and  the  more  fundamental  understanding  of  the 
material  universe ;  and  our  descendants — the  possessors  of  an  elaborated 
theory — will  be  able  to  judge  better  than  we  can  how  far  these  specu- 
lations of  Pitz  Gerald  were  fantastic  imagination,  and  how  far  they 
were  the  outcome  of  a  real  and  semi-inspired  insight  into  the  inmost 
processes  of  Nature. 

But  in  spite  of  his  ready  absorption  in  these  physical  topics  and  his 
almost  imique  power  of  quickly  grasping  and  fruitfully  dealing  with 
them,  he  was  imbued  with  a  sense  of  the  far  greater  importance  of 
humanity  itself,  than  of  any  of  these  material  things.  In  fact  it  was 
this  constant  feeling  of  the  value  of  human  relationships,  and  the 
supreme  influence  of  good  feeling  and  affection,  that  led  him  to  regard 
all  questions  of  priority  or  of  scientific  credit  with  not  so  much 
disdain  as  absence  of  interest.  It  is  easy  to  say  that  provided  a 
discovery  is  made  it  matters  little  who  makes  it,  but  it  is  not  so  easy 
constantly  and  consistently  to  feel  and  act  in  that  spirit ;  but  so  far  as 
it  can  be  done  Fitz  Gerald  did  it,  and  did  it  apparently  almost  without 
an  effort.  The  things  he  really  valued  were  the  things  belonging 
to  the  human  spirit — the  development  of  the  indi>'idual  and  the 
development  of  the  race.  Anything  which  hindered  this  met  with 
his  strenuous  opposition :  self-satisfied  unprogressiveness  in  educa- 
tional matters  excited  his  wrathful  and  outspoken  indignation ;  and 
on  these  subjects  alone  did  he  occasionally  make  enemies.     Other 
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things  might  be  of  intense  interest  but  were  not  of  supreme  yalue, 
and  to  sacrifice  any  personal  relationship  to  tiiem  was  worse  than 
useless. 

With  all  his  critical  power  he  seldom  expressed  himself  severely 
on  the  scientific  mistakes  of  others.  I  have  once  or  twice  heard  him 
speak  of  some  man  as  small  or  narrow,  and  I  have  heard  him  wax 
indignant  orer  some  charlatan  who  pretended  to  be  what  he  was  not ; 
bat  these  were  exceptional  instances,  and  as  a  rule  this  mood'had  to 
be  worked  up  by  others :  it  did  not  arriye  spontaneously.  (Generally 
he  saw  the  best  in  people ;  and,  like  Lord  EelTin,  was  able  to  disen- 
tangle ideas  of  value  from  the  crude  efforts  at  presentation  of  a  beginner 
or  of  an  ordinary  muddle-headed  man. 

Gradually,  as  he  grew  older,  the  sense  of  public  duty  grew  upon 
him,  and  he  was  prepared  to  spend  his  time  in  public  service  to  an 
extraordinary,  and  as  some  thought  a  wasteful,  extent.  In  1888  he 
was  appointed  a  member  of  the  Board  of  Irish  National  Education, 
and  devoted  a  large  amount  of  time  to  work  not  ffee  from  con- 
troversy; and  shortly  before  his  death  he  was  appointed,  with  five 
others,  to  the  Intermediate  Education  Board.  Had  he  lived  (he  has 
written  to  his  uncle,  Dr.  Johnstone  Stoney)  he  would  have  sought  to 
devote  himself  to  the  organisation  of  National  Education  rather  than 
to  the  uninterrupted  pursuit  of  his  science, — saying  with  complete 
sincerity  that  whether  the  human  race  got  to  know  about  the  ether 
now  or  fifty  years  hence  was  a  small  matter,  but  whether  the  present 
state  of  appalling  scientific  ignorance  was  to  continue  for  another 
generation  was  a  vital  matter  affecting  the  future  of  his  own  coantry 
in  a  positive  and  definite  way. 

The  portentous  backwardness  of  this  country  (not  Ireland  alone) 
in  education  does  indeed  call  for  sacrifice  on  the  part  of  those  who 
clearly  realise  it ;  and  into  this  work  Fitz  Gerald  would  undoubtedly 
have  thrown  himself.  Until  a  general  level  of  scientific  knowledge 
has  been  attained  by  a  nation,  it  cannot  expect  its  great  men  to  forge 
on  ahead  and  continue  their  advanced  studies  with  satisfaction  to 
themselves.  Already  they  have  been  feeling  too  isolated  and  aloof 
from  humanity;  and  a  feeling  of  the  futility  of  it  all,  based  upon  the 
entire  oncomprehension  of  the  multitude — an  uncomprehension  shared 
under  our  present  system  of  education  by  the  great  bulk  of  so-called 
educated  men, — is  apt  to  make  itself  unpleasantly  prominent  every 
xiow  and  then,  and  to  lead  gradually  to  the  belief,  at  which  Fitz  Gerald       ^n 


xxxviii  Introductory  and  Biographical 

airived,  that  greater  serriee  could  be  done  bj  working  towards  the 
raising  of  the  general  leyel  than  by  a  pioneering  quest,  solitary  or 
with  only  a  few  like-minded  spirits,  into  lands  too  far  remored  from 
human  traffic  to  be  capable  of  utilization  and  absorption  for  generations 
to  come ;  perhaps,  therefore,  to  be  forgotten  and  ignored  altogether, 
until  re-discoTcred  independently  hereafter,  at  a  time  when  the  general 
leyel  of  intelligence  in  scientific  directions  shall  be  higher  than  it  is 
now,  and  can  enable  it  to  be  appreciated  and  retained. 

•   •••••••••• 

FitzOerald  was  elected  a  Fellow  of  the  Royal  Society  in  1883, 
and  in  1899  was  awarded  a  Eoyal  Medal.  He  married  in  1885 
Harriette  M.,  second  daughter  of  the  late  Rev.  J.  H.  Jellett,  D.D., 
FtOTost  of  Trinity  College,  Dublin,  to  whom  the  next  previous  awiurd 
to  an  Irish  man  of  Science  of  a  Royal  Medal  had  been  made.  One 
who  had  unrivalled  opportunities  of  appreciating  these  two  men 
remarks  on  '*  the  great  likeness  in  the  two  characters :  the  great 
simplicity,  the  directness  of  purpose,  the  utter  absence  of  preaching 
but  the  living  of  the  life  that  is  best ;  their  great  tenderness  and  love 
of  children." 

The  "idealistic"  turn  of  his  mind  in  dealing  with  ultimate 
questions  came  out  constantly  in  his  conversation  on  such  topics, 
and  may  be  illustrated  by  a  quotation  from  the  end  of  his  Helmholtz 
Lecture.  After  noting  that  all  forms  of  external  stimulus,  into 
whatever  terms  we  translate  them — sound,  colour,  and  the  rest,  nay, 
even  space,  time,  and  substance  too,  perhaps — ^resolve  themselves  into 
motion,  he  goes  on  to  ask :  "  And  what  is  the  inner  aspect  of  motion? 
In  the  only  place  where  we  can  hope  to  answer  this  question,  in  our 
brains,  thought  [turns  out  to  be]  the  internal  aspect  of  motion.  Is  it 
not  reasonable  to  hold,  with  the  great  and  good  Bishop  Berkeley,  that 

thought  underlies  all  motion?" "For  the  highest  life  we  require 

the  highest  ideal  of  the  Universe  to  work  in.  Can  any  higher  exist 
than  that,  as  ^language  is  a  motion  expressing  to  others  our  thoughts, 
so  Nature  is  a  language  expressing  thoughts,  if  we  leoin  but  to  read 
them." 

He  insisted  on  the  ether  being  not  a  simple  fluid,  with  the  atoms 
as  vortex  rings,  but  a  medium  itself  full  of  motion — a  vortex  **  sponge  " 
or  assemblage  of  vortex  filaments ;  and  by  help  of  such  a  medium  he 
hoped  ultimately  to  be  able  to  explain  not  only  light  and  electricity 
but  the  structure  and  properties  of  matter,  all  its  physical  and  chemical 
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agencies,  and  the  material  nnirene  generallj.  But  always  he  was 
well  aware  that  snch  would  be  no  ultimate  explanation,  that  what  we 
are  reallj  and  primarily  aware  of  is  mind  and  mental  processes,  that 
thought  and  feeling  are  primary  facts  of  consciousness,  while  all  else 
is  an  inference  and  is  probably  essentially  unlike  what  it  appears  to 
our  senses :  so  that  all  this  cosmic  whirl  and  material  activity,  and 
probably  life  itself,  would  resolve  itself,  when  properly  comprehended, 
into  the  activity  of  an  all-pervading  and  beneficent  Mind. 

[Beprintcd  with  additioiis  and  altentions,  from  the  TKyxetl  JUview,  May  1901.] 

The  eminent  scientific  man  whose  work  we  here  propose  to  review 
was  bom  in  1851,  second  son  of  "William  Fitz  Gerald,  a  distingoished 
theologian  and  metaphysician.  Bishop  of  Cork,  and  afterwards  of 
Killaloe.  His  early  education  was  conducted  at  home,  in  company 
with  his  brothers  and  sisters,  under  the  tuition  of  a  lady  who  was 
for  many  years  a  valued  member  of  the  household,  a  sister  of  ttie 
great  mathematician  and  logician  George  Boole,  who  was  professor 
in  the  Queen's  College  at  Cork.  He  was  good  at  all  subjects  requiring 
close  observation,  from  his  earliest  years.  On  passing  to  Trinity 
College,  Dublin,  at  sixteen  years  of  age,  he  soon  made  his  way  to 
the  top  in  the  classes  of  his  year,  obtaining  his  degree  in  1871  at 
the  head  of  the  lists  both  in  Mathematical  and  in  Experimental 
Science.  He  became  expert  ut  gymnastic  exercises  and  was  for 
many  years  a  fine  racquet  player;  he  also  took  a  considerable  part 
in  the  literary  and  social  clubs  of  the  College.  His  athletic  skill 
was  turned  to  account  a  few  years  ago  in  experimenting  on  the 
mechanics  of  flight. 

The  years  from  1871  to  1877  were  spent  in  reading  with  a  view 
to  the  examination  for  Fellowship :  vacancies  were  at  that  time  very 
rare,  but  he  was  successful  on  his  second  time  of  trying.  The 
course  of  study  contained  portions  of  the  classical  writings  of  Lagrange 
tnd  Laplace,  Hamilton  and  Mac  CuUagh ;  and  the  close  scrutiny  of 
the  modes  of  thought  of  masters  such  as  these  doubtless  formed  an 
admirable  preparation  for  his  subsequent  scientific  career.  During 
this  period  he  also  made  a  formal  study  of  metaphysics;  he  was 
much  attracted  by  the  idealism  of  his  countryman,  Bishop  Berkeley, 
which  kept  cropping  up  in  his  discourses  as  the  connecting  link 
between  material  science  and  higher  things,  up  to  the  end  of  his  life. 
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It  formed  one  of  the  manifestations  of  a  poetic  and  deeply  religious 
temperament. 

For  some  years  after  obtaining  Felloirsbipy  lie  senred  with  great 
success  as  a  College  tutor ;  his  side  was  very  popular,  so  that  it  was 
always  full  a  long  time  in  advance ;  and  his  services  were  in  great 
demand  as  a  director  of  the  social  and  athletic  organizations  of  the 
College.  He  gave  up  tutorial  work  on  being  elected  in  1881  to  the 
Chair  of  Natural  and  Experimental  Philosophy,  which  he  retained 
until  his  death  last  February.  The  care  of  a  laboratory  not  adequately 
endowed,  and  a  large  amount  of  teaching  of  elementary  classes,  took 
up  most  of  his  time ;  what  remained  was  much  broken  up  in  acting 
as  Examiner  in  Physics  in  other  Universities,  and  as  referee  of 
scientific  memoirs  for  learned  Societies,  in  copious  correspondence 
with  scientific  friends  who  were  sure  of  obtaining  acute  and  stimul- 
ating opinions  on  all  knotty  points  submitted  to  him,  and  in  the 
discharge  of  public  duties,  which  of  late  years  had  been  increasing 
largely  in  extent  and  importance.  Yet  he  found  time  to  become 
one  of  the  most  learned  men  of  the  day  in  all  branches  of  physical 
science,  both  theoretical  and  applied,  and  to  leave  his  mark  on  the 
scientific  progress  of  his  age. 

The  physical  problem  attacked  in  his  first  published  paper  (iZoy. 
Soe.  Proc.  1876)  was  the  then  recently  announced  Kerr  effect,  the 
displacement  of  the  plane  of  polarization  of  light  on  reflection  from  a 
magnet.  By  an  argument  based  on  general  considerations,  he  connects 
this  phenomenon  with  the  double  refraction  indicated  by  the  different 
velocities  of  propagation  of  right-  and  left-handed  circular  vibrations 
in  magnetized  media,  as  Stokes  and  Kelvin  had  already  independently 
suggested.  The  details  of  the  argument  are  corrected  in  the  papers 
next  following;  but  by  a  rough  numerical  estimate  he  shows,  as 
Kundt  experimentally  verified  some  years  after,  that  the  Faraday 
rotatory  power  in  traversing  a  film  of  magnetized  iron  must  be  very 
great,  and  conversely  that  the  effect  similar  to  Kerr's  which  must 
exist  on  reflection  from  a  naturally  rotatory  substance  such  as  quartz 
woidd  be  actually  inappreciable.  By  neat  and  simple  appliances  he 
repeats  Kerr's  experiment;  he  moreover  finds  that  the  polarization 
really  becomes  elliptic,  so  that  there  is  a  phase-difference  involved  in 
addition  to  the  rotation  :  in  further  confirmation  that  the  effect  is  due 
to  the  magnetized  ^substance,  and  not  to  the  field,  he  finds  that  it  is 
entirely  cut  off  when  a  film  of  gold-leaf  is  spread  over  the  reflecting 
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pole  of  the  magnet.  At  first  he  thought  that  this  elliptic  polaiizatioii 
was  directly  involTed  in  the  double  refraction ;  but  in  tiie  next 
memoir  he  recognized  that  the  difference  of  phase  must  arise,  like 
the  elliptic  polarization  of  ordinary  metallic  reflection,  ^'from  the 
efficient  reflecting  surface  being  of  some  depth." 

The  subject  of  the  connexion  of  light  >nth  map^ictism  was  thus 
opened  out,  as  a  necessary  preliminary  to  a  more  definite  treatment 
of  this  problem  of  magnetic  reflection ;  and,  being  led  thereby  into 
Maxwell's  electric  theory,  he  follows  it  up  two  years  later  in  a  memoir 
*'  On  the  electromagnetic  theory  of  the  reflection  and  refraction  of 
Li^t*'  (JPM.  TVaiif.  1880,  pp.  691-711),  presented  to  the  Boyal 
Society  at  the  end  of  1878,  which  constitutes  his  most  complete  formal 
treatise.  Maxwell,  in  his  memoirs  on  electrodynamics,  and  particularly 
in  tiie  definitive  exposition  published  in  Phil.  Tranz,  1865,  had  shown 
that  the  hypothesis  that  light  consists  of  electric  waves  gives  a  straight- 
forward account  of  the  mode  of  its  propagation  in  crystals,  and  one 
which  is  free  from  the  difficulties  attaching  to  the  existing  mechanical 
theories ;  yet  he  hud  not  iiia<le  any  explicit  application  to  the  dynamical 
laws  of  reflection.  It  was  left  for  Helmholtz  to  make  the  remark  in 
1870,  in  a  footnote  to  his  first  formal  memoir  on  the  theory  of  electro- 
dynamics  {^OeMmm.  Ahhandl.  i,  p.  558),  that  in  this  respect  also 
Maxwell's  theory  leads  directly  to  the  observed  results  by  supplying 
the  appropriate  boundary  conditions  at  the  transition  between  the 
optical  media,  whereas  it  had  proved  to  be  impossible  legitimately  to 
adjust  any  definite  mechanical  theory  so  as  to  admit  those  conditions. 
This  statement  was  confirmed  in  a  detailed  formal  investigation 
published  by  H.  A.  Lorentz  in  1877.  The  subject  of  reflection  is  not 
noticed  by  Maxwell  either  in  the  Phil.  Trans,  memoir  of  1865  or  in 
bis  Treatise,  which  appeared  in  1873,  two  years  after  the  date  of 
Helmholtz*s  memoir  It  seems  possible,  from  various  incidental 
remaiks,  that  he  was  then  content  with  the  evidence  afforded  by  the 
correspondence  of  the  velocity  of  electric  propagation  in  a  vacuum 
with  that  of  light;  and  that  numerical  discrepancies,  such  as  that 
between  the  index  of  refraction  in  transparent  bodies  and  the  value 
of  the  square  root  of  tiie  specific  inductive  capacity,  and  the  fact  that 
metallic  sheets  are  less  opaque  than  their  conductivities  for  steady 
corrents  appeared  to  demand,  suggested  that  a  closer  view  of  the  forced 
Tibrations  of  the  individual  material  molecules  and  their  interaction 
with  the  ether  would  have  to  be  acquired  before  the  dynamical 
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problem  of  optical  refraction  became  ripe  for  definite  treatment.  He 
was  in  fact  in  full  possession  as  eurly  as  1869,  as  Lord  Rayleigh  has 
recently  shown,  of  the  manner  in  which  the  phenomena  of  normal 
and  anomalous  dispersion  are  dominated  by  the  influence  of  sympathetic 
Tibrations  in  the  molecules  of  the  material  medium.  The  analysis 
of  this  dynamical  problem  of  optical  reflection  and  refraction  that  was 
now  completely  developed  by  Fitz  Gerald,  in  ignorance  of  Helmholtz's 
remark  of  1870,  and  of  the  investigation  by  Lorentz  which  had  just 
appeared,  is  of  high  import  from  the  point  of  view  of  general  electro- 
dynamic  theory.  He  first  announces  the  proposition  ^most  pointedly 
in  the  abstract  of  his  memoir,  Roy,  Soc,  Proc,  1879)  that  by  intro- 
ducing a  vector  (f,  rj,  {)  representing  the  magnitude  of  the  total 
disturbance  of  the  element  of  ather  (of  whatever  nature  it  may  really 
be)  of  which  the  magnetic  force  constitutes  the  time-rate  of  growth  or 
Telocity,  the  electrodynnmic  scheme  of  Maxwell,  for  dielectric  media 
of  aeolotropic  quality  however  general,  can  be  immediately  reduced  to 
the  standard  form  required  by  the  principles  of  analytical  dynamics ; 
namely,  the  effective  kinetic  energy  Tand  the  potential  energy  JFof 
the  medium  being  given  by  the  expressions* 

where  Sr  is  an  element  of  volume  and  U  isti  quadratic  function  of 
(/,  y,  h)  characteristic  of  the  material  medium,  (/,  y,  h)  representing 
the  curl  of  (f,  rj,  {)  or 

dC      drj     di     dC     drj     di 


(di^drj     d^^dC 
\df/      dz*     dz      dx 


dy      dz      dz      dJ     dx      dyf 

then  the  entire  system  of  equations  of  electromotive  propagation  is 
obtained  in  the  Lngrangian  manner  by  annulling  the  variation  of  the 
Action,  that  is  from  the  single  relation 

8j(r-  jr)dt  =  o. 

There  are,  however,  other  analytical  expressions  for  T  and  W  which 
would  lead  to  the  same  equations  of  bodily  propagation,  as  witness 
tiie  various  elastic  mechanical  theories  of  light  which  give  the  correct 

*  In  case  the  xncdinm  is  not  homogeneous  fi  would  be  inside  the  integnl. 
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lawB  of  transmission ;  in  fact  by  integration  by  parts  we  maj  express 
T"  Win  tbe  form  of  a  new  Tolnme  integral, .together  with  a  sor&ce 
integral  extended  over  the  boundary  of  the  region  considered,  and  of 
these  only  the  former  part  is  concerned  in  the  formation  of  equations 
of  propagation,  thongh  the  latter  is  essential  to  the  relation  connecting 
streas  and  strain. 

Fitz  Gerald  points  out,  following  his  countryman  Uac  Cullagh,  and 
also  Green  in  a  different  connexion,  that  not  merely  the  equations  of 
bodily  propagation,  but  the  equations  of  transition  expressing  con- 
tinuity of  stress  and  displacement  between  the  media  at  the  reflecting 
interface,  are  definitely  and  consistently  involved  in  this  way  of 
formulating  the  problem  by  a  single  equation,  the  surface  integrals  in 
the  reduced  variation  of  the  action  determining  the  latter  relations. 
He  then  remarks  that  the  electric  theory,  as  thus  expressed  in  terms 
of  this  magnetic  dif^placcment  {(,  rj,  0,  is  formally  identical  with 
Mac  Collagh's  dynamical  theory  of  crystalline  reflection  and  refraction 
published  thirty  years  before.  The  problem  which  Mac  Cullogh  then 
proposed  to  himself  was  to  work  backward  from  an  analysis  of  the 
actual  circumstances  of  crystalline  reflection,  as  determined  mainly 
through  the  experiments  of  Brewster  and  Secbeck,  to  a  type  of 
Lagrangian  functions  T-  JFfor  the  two  media  of  propagation  which 
would  correspond  in  their  consequences  with  these  very  various  test 
phenomena.  It  has  always  been  admitted  that  he  was  entirely 
successful  in  this  analytical  quest :  but  he  definitely  proclaimed  his 
inability  to  conceive  of  any  kind  of  material  elastic  medium,  as 
ordinarily  understood,  whose  properties  would  be  represented  by  the 
relations  finally  obtained.  The  reduction  of  tbc  optical  phenomena 
under  the  analytical  type  to  which  nil  dynamical  processes  must 
conform  was  successfully  achieved ;  but  it  proved  to  be  impossible  to 
trace  a  close  analogy  with  any  of  the  other  types  of  dynamical  propag- 
ation that  had  at  that  time  been  explored.  The  fact  that,  in  any 
matirial  medium,  in  which  dynamical  phenomena  are  determined 
entirely  by  interaction  between  internal  stress  and  forces  of  the  usual 
non-polar  kind  acting  from  a  distance,  there  would,  on  Mac  Cullagh's 
scheme,  be  an  unbalanced  torque  on  each  eleiuent  of  volume,  shows 
that  a  mechanical  theory  of  this  type  can  subsist  only  if  there  are 
polar  forces  {e,ff.  quaat-magnctic)  capable  of  compensating  the  torque, 
or  if  there  is  a  kinetic  reacting  torque  arising  from  a  distribution  of 
gyrostatic  rotations  forming  a  part  of  the  constitution  of  the  medium. 
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In  later  years  Lord  Kelvin  showed  how  to  constract  a  cellular  material 
system  with  gyrostats  mounted  in  its  elements,  which  would  form  an 
actual  model  of  this  rotationally  elastic  medium  of  Mac  Cullagh.  The 
hasty  assumption  that  the  analysis  of  the  latter  must  necessarily  be 
identical  with  the  tentative  mechanical  theory  of  F.  E.  Neumann, 
because  it  gave  the  same  results,  had  led  to  the  real  significance  of 
MacCullagh's  investigation  being  overlooked  at  the  time ;  doubtless,  too, 
it  was  felt  that  the  possibilities  of  purely  mechanical  media  of  ordinary 
type  had  not  yet  been  exhausted.  It  was  accordingly  an  advance  of 
prime  importance  when  Fitz  Gerald  pointed  out,  in  1 878,  that  the  strain, 
of  unknown  nature  but  known  relations,  which  Mac  Cullagh's  theory 
required,  was  precisely  the  one,  equally  unknown  to  our  perceptions 
of  sense,  on  which  MaxwelFs  electro-optic  theory  is  based;  his 
memoir,  in  fact,  terminates  with  the  weighty  remark  that  Maxwell*8 
theory,  if  it  *'  induced  us  to  emancipate  our  minds  from  the  thraldom 
of  a  material  ether,  might  possibly  lead  to  most  important  results  in 
the  theoretic  interpretutiou  of  nature.** 

Other  considerations  may  be  mentioned  in  illustration  of  the 
significance  of  Fitz  Gcmld's  mode  of  considering  tlic  subject.  In  the 
statement  of  clectrodynamic  theory  elaborated  by  Heaviside  and  by 
Hertz,  which  has  been  widely  accepted  as  a  powerful  aid  to  concise 
formulation  and  development,  the  main  feature  has  been  the  elimina- 
tion of  the  potential  fimctions  of  the  vector  electric  current  and  the 
scalar  electric  distribution,  that  were  introduced  in  the  course  of 
Maxwell's  analysis :  in  Fitz  Gerald's  dynamical  procedure,  from  the 
basis  of  the  principle  of  Least  Action,  no  such  potentials  occur. 
Indeed  Maxwell  had  himself  pointed  out  [FhiL  Trans.  1868)  that  the 
equations  of  electric  propagation  were  most  compactly  expressed 
(when  their  theoretical  basis  was  not  in  question)  by  the  pair  of 
circuital  relations  between  the  fundamental  vectors  which  result  from 
the  elimination  of  these  potentials.  In  Fitz  Gerald's  analysis  the 
relation  in  which  the  interfacial  conditions  stand  to  these  bodily 
equations  is  moreover  directly  involved.*  The  problem  as  treated  by 
him  was,  however,  limited  expressly  to  the  case  of  transparent  media, 
in  which  there  are  no  wandering  electric  charges.      The  natural  way 

*  111  later  years  Hertz  initiated  attempts,  not  wholly  successful,  (previously 
bovever  essayed  by  L.  Lorenz)  to  deduce  the  interfacial  equations  from  the  bodily 
equations  of  the  medium  alone,  by  means  of  a  hypothesis  of  physical  continuity 
across  a  thin  layer  of  very  rapid  continuous  transition  between  the  media. 
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to  extend  his  method  to  the  more  general  questionB  in  Trhich  charges 
axe  in  finite  translatory  motion,  either  from  conduction  or  by  conrec- 
tion  of  the  material  system,  is  to  retain  his  analytical  specification  of 
T-  W  iox  the  free  aether,  but  to  introduce  into  the  process  of  varia- 
tion the  conditions  imposed  by  the  presence  and  persistence  of  these 
electrons ;  in  the  reduction  of  this  more  genei-al  problem  to  differential 
analysis  suitable  for  material  media  treated  as  continuous,  the  employ- 
ment of  Maxwell's  potentials  can  hardly  be  eyaded.* 

The  other  general  remark  is  that,  in  the  question  as  to  whether 
Maxwell's  electrodynamic  scheme  is  sufficiently  wide  to  coTer  the 
facts,  it  would  have  been  possible  to  reason  from  the  optical  problem 
of  crystxdline  propagation  already  fully  analysed  by  Green,  Neumann, 
and  MacCullagh,  in  the  light  of  the  very  various  and  easily  executed 
optical  experiments  that  are  available,  to  the  more  general  electric 
problem  in  which  crucial  experiment  was  for  a  long  time  almost 
unattainably  difficult.    There  was  fair  ground  for  the  inference  from 
MucCullagh's  analysis  that  his  scheme  was  the  unique  one  of  formally 
dynamical  type  that  could  be  consistent  with  the  laws  of  crystalline 
refiection :  no  demonstration  of  this  was  indeed  given,  but  the  variety 
of  experimental  laws  to  which  the  solution  had  to  conform  created  a 
presumption  almost  equivalent  to  proof.     That  scheme  might  be  made 
more  general  by  assumption  of  effective  compressibility  of  the  medium, 
t>.  convergence  of  the  magnetic  vector  in  the  electric  interpretation, 
thereby  introducing  compressile  waves ;  these  would,  however,  travel 
by  themselves  in  entire  independence  of  the  transverse  waves.     But  a 
scheme  such  as  Helmholtz's,  which  introduced  to  any  seosible  extent 
compressile  waves  interacting  with  the  transverse  ones,  would  in  so 
far  come  into  conflict  with  the  optical  evidence.     Tliis  question, 
whether  Helmholtz's  proposed  generalization  of  Maxwell's  theory  had 
any   actual  basis,  remained  a  main  problem  of  theoretical  electro- 
dynamics until  the  discovery  of  electric  radiation  by  Hertz :  it  has 
now  been  tacitly  dropped,  not  so  much  on  account  of  any  specific 
experiment  in  disproof,   as  through  the   conviction,  created  by  the 
ever-widening  range  of  correspondence  between  electric  and  optical 
radiations,  that  these  are  the  same  thing  at  bottom.      Towards  this 
conviction  the  illustrative  experiments  of  Fitz  Gerald  and  his  pupils 
had  their  share  in  contributing.     It  does  not  appear  that  he  ever  paid 

•  Cf.   Larmor,    *j£ther  and  Matter'   1900,  or  Camh,  PkU.   Trmnt,,  Stokes 
Memorial  Volume,  1899. 


xlvi  Introductory  and  Biographical 

much  atteotion  to  the  Hclmholtz  theory :  it  reposed  ultimately  on 
ideas  inyolying  action  at  a  distance,  and  from  the  optical  point  of 
view  which  we  have  here  attem[>ted  to  sketch  there  was  no  room  for 
its  wider  generality. 

The  extension  of  this  theory  of  optical  reflection  to  the  magneto- 
optic  problem  was  effected  by  EitzOei*ald  by  introducing,  after 
Maxwell,  terms  into  the  function  T-  JF  so  as  to  represent  inter- 
action between  the  imposed  magnetic  field  and  the  optical  vibrations 
in  the  medium.  He  finds,  however,  that  the  interf  acial  conditions  in 
the  dynamical  problem  could  not  now  be  satisfied  by  means  of  trans- 
verse waves  alone ;  and,  resernng  the  theoretical  difficulty  thence 
arising,  he  completes  the  analysis  without  introducing  compressile 
waves  by  neglecting  the  condition  invoh-ing  the  normal  disturbances, 
as  Fresnel  had  done  under  similar  circumstances.  This  gives  him 
a  magneto-optic  effect  resembling  in  details,  as  regards  intensity,  the 
description  published  by  Ken*  in  the  same  year,  but  without  changes 
of  phase. 

Finally  it  is  pointed  out  that  this  is  only  a  first  approximation  to 
an  exact  theory,  on  accoimt  of  the  metallic  character  of  the  reflector 
being  ignored,  and  of  the  difficulty  above  mentioned — the  question  of 
phase  in  particular  awaiting  a  more  comprehensive  theory,  in  which 
the  reLition  of  matter  to  oether  would  be  more  exactly  expressed. 
The  difficulty  has  since  been  removed  by  considering  the  effect  of  the 
imposed  magnetic  field  to  be  a  structural  modification  in  the  material 
medium,  nither  than  a  fundamental  change  in  the  dynamical  relation 
between  the  electric  vectors;  and  Fitz Gerald's  analytical  work  still 
remains  applicable.*  The  extension  to  metallic  media  is  now  formally 
made,  as  Ohm's  laws  indicates,  by  taking  the  refractive  index  to  be  a 
complex  quantity:  with  this  generalization  the  analysis  has  been 
oxtended  by  various  writers,  including  Lorentz,  Goldhammer,  and 
Drude,  but  most  completely  by  Lcathcmf  and  by  Wind,  J  and  shown 
to  embrace  satisfactoiily  all  the  mass  of  detail  that  lias  been  brought 
out  in  recent  years  in  experimental  magneto-optic  investigations. 

*  III  one  of  the  papers  on  his  mechanical  model  of  the  electrodynamic  field,  of 
date  1885  {infra,  p.  IG'2),  Fitz  Gerald  had  already  expicasly  distinguished  between 
these  two  methods  of  accoimtiog  for  magneto-optic  rotation  ;  the  distinction  between 
them  IB  important  mainly  in  .the  above  connexion. 

t  Fhil  Trans.  1897. 

{  Arehiut  nUrlandaittt^  1897 ;  or  Phytical  Eevmc,  Vol.  vi. 
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While  these  derelopments  were  proceeding,  Fitz  Gerald  was  also 
taking  a  doae  interest,  stimulated  in  part  by  his  nnde,  Dr.  Johnstone 
Stoney,  in  the  theory  of  the  Crookcs  radiometer,  then  coming  into 
ihape;  this  he  studied  in  its  connexion  with  the  cognate  subject  of 
bhe  eonstitution  of  the  gaseous  layer  which  supports  a  liquid  in  the 
ijdieroidal  state  without  contact  with  the  hot  slab,  and  the  state  of 
itreas  that  is  as  a  consequence  iovolTcd  in  it.  In  an  elegant  siib- 
ndiary  inTestigation  (]Jarcli  1888)  of  tiie  state  of  internal  pressure 
in  a  gas,  arising  from  supposed  presence  of  some  co-ordination  in  the 
iirections  of  jocotion  of  the  molecules,  he  finds  that,  when  the  direo- 
tiont  are  simply  related  to  a  single  axis,*  an  internal  stress  of  the 
Uaxwell  electrostatic  type  results ;  in  the  general  case  the  stress  is 
not  specially  conditioned.  In  Eitz  Gerald's  point  of  view  the  normal 
pcessure  on  the  warm  side  of  a  vane  of  a  radiometer  may  differ  from 
that  on  a  perpendicular  unheated  side,  because  the  stress  in  the  gaseous 
medium  is  not  isotropic ;  how  far  this  mode  of  representation  is  con- 
ttstent  with  the  more  complete  molecular  analysis  of  internal  stress  in 
gases  due  to  temperature-gradient,  effected  by  0.  Reynolds  and  by 
Uaxwell,  has  been  a  subject  of  controTcrsy.f 

*  This  is  on  the  assumption  that  the  relation  to  the  axis  is  of  a  non-polar 
diancter.  If  the  axis  were  that  of  a  temperature  gradient,  there  would  also  be 
polar  quality  in  the  distribution  of  molecular  motions,  inTolving  greater  yeloeitiee 
in  one  direction  than  in  the  opposite  one ;  tbis  would  require  a  rising  gradient  cf 
density  down  tbe  axis  of  temperature  in  order  to  dynamically  compensate  it. 

In  later  years  Fitz  Gerald  was  sometimes  led,  by  tbe  above  analogy,  to 
imagine  the  hy]x>tbetical  Faraday-Maxwell  electrostatic  stress  as  transmitted 
by  an  setber  consisting  of  indei>endoutly  moving  corpuscles  of  the  Le  Sage  type, 
vhose  directions  of  motion  £omebo\r  bec.ime  related  in  a  non-polar  manner  to 
tbe  directions  of  tbe  lines  of  electric  force. 

It  may  readily  be  shown,  after  tbe  manner  of  Muxwell^s  <  Electricity/  \  106, 
that  if  a  medium  is  subject  to  a  tension  of  intensity  W'  along  a  system  of  curved 
lines,  accompanied  by  an  equal  pressure  in  all  directions  at  liglit  angles  to  them, 
tbis  stress  cannot  be  in  internal  equilibrium  imless  U  represents  tbe  velocity  of  an 
incompressible  fluid  for  wbicb  tbese  curves  ai-e  the  lines  of  flow,  and  at  tbe  same 
time  the  flow  is  either  irrututiunal  or  else  the  linos  of  vorticity  coincide  with  tbe  lines  of 
flow.    Tbe  former  of  these  alternatives  coincides  witb  tbe  electrostatic  application. 

t  A  detailed  criticism  of  Prof.  Rcjmolds*  Memoir  of  1879,  contributed  by 
1^  Gerald  to  the  Thil,  Mag.,  baa  not  been  reprinted  in  this  collection.  Tbe 
following  passage  from  Prof.  Reyuolds*  rejoinder,  Phil.  Mag,  May,  1881,  appears 
to  bring  oat  tbe  disputed  pobts : — 

**  It  seems  that  Mr.  Fits  Gerald  is  of  opinion  that  tbe  parallel  flow  of  heat  does 


xlviii  Introductory  and  Biographical 

In  1881  a  new  departure  was  initiated  in  theoretical  electrodynamics 
by  J.  J.  Thomson,  in  an  investigation  with  the  aim  of  determining 
directly  the  effects  produced  by  moving  charged  bodies,  by  means  of 
Maxwell's  equations  of  the  electric  field  combined  with  the  appropriate 
conditions  at  the  surfaces  of  the  moving  conductors.  The  question 
was  whether  the  hypothesis  that  the  moving  charge  acts  after  the 
manner  of  a  current-element  is  an  independent  assumption,  or  to  what 
extent  it  is  already  implied  in  MaxwelPs  scheme  of  the  electric  field 
for  bodies  at  rest.  Neglecting  the  self-induction  of  the  sthereal 
displacement-currents  surrounding  a  moving  charged  sphere,  that  is, 
assuming  instantaneous  transmission  of  effects,  it  was  shown  that  the 
continual  adjustment  of  the  electric  force  in  the  field,  so  as  to  bo 
normal  to  the  conducting  surface  as  it  moved  through  space,  entailed 
a  magnetic  field  of  the  type  demanded  by  that  hypothesis.  Thus,  if  the 
charged  body  carries  its  electric  field  along  with  it,  the  same  as  if  it 
were  at  rest,  that  convcc  tion  creutes  the  magnetic  field  aforesaid.  At 
speeds  comparable  with  the  velocity  of  radiation,  the  result  of  taking 
account  of  the  finite  velocity  of  the  elcctrodynamic  transmission  in  the 
analysis  is  that  the  electric  field  thus  convected,  when  the  steady  state 
of  disturbance  has  become  fully  established  around  the  moving  con- 
ductor, is  somewhat  flattened  equatorially,  and  the  magnetic  field  is 
correspondingly  changed :  but  ordinary  electrodynamics  based  on  the 
convection  of  electrons  can  (and  does)  safely  leave  such  extreme  cases 
aside.     An  important  result  in  this  paper  was  the  remark  that  this 

cause  stresses  ia  the  gas,  and  that  he  has  heen  trying  to  find  that  I  have  not  dis- 
proved the  po53ihility  of  such  stresses.  If  he  confine  his  attention  to  stresses  of 
the  same  order  of  magnitude  as  t'nose  now  shown  to  exist  in  the  case  of  converging 
or  diverging  flow,  he  will  find  that  both  Professor  ^laxwell  and  I  have  proved  the 
impossibility  of  their  existence ;  but  if  he  go,  as  he  appears  unwittingly  to  have 
done,  to  a  higher  order  of  small  quantities,  then  I  have  nothing  to  say,  except  that 
he  has  no  inconsiderable  task  before  him.  ...  I  have  never  asserted  that  the  vaiia- 
tion  of  pressure  in  the  direction  of  the  flow  of  heat,  which  I  have  consistendy 
maintained  to  be  necessary  to  the  production  of  the  phenomena  of  impulsion,  may 
not  be  attended  by  a  difference  of  pressure  in  different  directions  ;  and,  of  course, 
I  have  known  that  such  must  be  the  case  since  ihe  time  that  I  have  seen  and  proved 
by  experiment  that  this  direct  vaiiation  of  the  pressure  depends  on  the  convergence  of 
the  lines  of  flow.  .  .  .  But  what  1  have  consistently  maintained  is,  that  a  difference 
of  pressure  in  different  directions  (i.tf.  parallel  and  normal  to  the  hot  and  cold 
surface)  will  not  explain  the  experimental  results,  and  this  was  the  theory  advanced 
in  opposition  to  mine,  and  which  Mr.  Fitz  Gerald  still  seems  inclined  to  defend." 
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field  of  magnetic  (Idnetio)  energy  carried  along  by  an  electron  inTolvea 
an  addition  to  ita  effectiTe  mass ;  the  question  baa  in  fact  more  recently 
been  propounded  whether  all  inertia  of  matter  may  not  be  of  cognate 
type.  The  paper  took  ita  rise  from  the  magnetic  deflection  of  the 
cathode  atream  in  a  vacuum  tube,  as  already  at  that  time  predaely 
deacribed  by  Crookea ;  and,  when  some  of  the  analytical  computationa 
had  been  corrected  by  Heavisidc,  this  memoir  of  Thomson's  constituted 
the  beginnings  of  what  has  now  become  the  basis  of  elcctrodynamic 
theory.  It  ia  interesting  also  to  obserre  in  it  the  suggestion  that  the 
nearly  abrupt  changes  in  the  magnetic  field  arising  from  the  sudden 
stoppage  of  the  cathode  particles  maybe  responsible  for  the  phosplior- 
escence  ezdted  by  them  where  they  strike  the  glass :  how  much  more 
they  are  actually  responsible  for  was  revealed  years  after  through  an 
accidental  observation  of  Eontgen's,  after  the  previously  unsuspected 
magnitude  of  their  velocity  had  been  ascertained  by  J.  J.  Thomson.  In 
a  critical  paper  (No.  20  infra)  Fitz  Oerald  had  something  to  add :  he 
pointed  out  that  as  the  spherical  conductor  of  finite  size,  to  which  the 
analysis  related,  mored  along,  the  field  of  sethereal  elastic  displace* 
ment  ia  suppressed  in  the  space  that  the  sphere  comes  to  occupy 
and  is  instantaneously  established  in  the  space  it  leaves  bdiind: 
these  changes  constitute  impulsive  displacement-currents :  when  their 
vector  potential  is  added  to  that  of  the  displacement-currents  of  the 
field,  the  result  does  not  give  the  correct  magnetic  force — it  gives 
in  fact  none  at  all — the  current  of  convection  of  each  superficial 
element  of  the  charge  on  the  sphere  has  to  be  included  as  welL 
Thomson,  without  explicitly  including  the  latter,  had  done  what 
comes  to  the  same  thing  by  addition  of  a  term  required  to  make 
the  vector  potential  circuital,  thereby  implying  that  the  sethereal 
current  must  be  supplemented  so  as  to  make  it  everywhere  circuital 
also.  Thus  on  closer  examination,  each  portion  of  the  electric  charge 
is  found  to  act  independently ;  and  so  far  from  our  being  able  to 
exclude  the  electric  charges  from  view  by  merging  them  in  interfadal 
conditions,  it  turns  out  that  their  convection  is  the  sole  cause  of  the 
phenomena  of  the  electric  field.  Wlien  considered  from  the  point  of 
new  of  the  aether,  the  hypothesis  that  the  total  current  is  circuital, 
which  lies  at  the  very  root  of  Alaxwell's  theory,  involves  and  is  equi* 
▼alentto  the  magnetic  influence  of  moving  charges,  which  was  verifled 
experimentally  before  this  time  by  Rowland,  though  doubts  still 
occasionally  arise  on  the  part  of  unsuccessful  experimenters.  Following 
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oat  the  same  train  of  thought,  Fitz  Gerald  soon  after  introduced  order 
into  an  obscure  passage  in  Maxwell's  exposition  in  his  '  Treatise,'  by 
inserting  the  term  representing  the  current  due  to  the  conyection  of 
charged  bodies,  Trhich  had  in  that  connexion  been  OTerlooked. 

In  1882  he  contributed  three  papers  to  the  Royal  Dublin  Society 
on  the  conditions  necessary  to  excite  electric  radiation ;  at  first  he  was 
led  into  inconsistencies  by  some  confusion  between  the  true  exciting 
cause  of  the  radiation,  existing  in  the  radiating  matter  alone,  and  the 
displacement-currents  in  the  surrounding  aether  to  which  Maxwell 
formally  ascribes  like  properties.  But  he  gradually  gained  firm  foot- 
ing, and  began  to  think  of  the  vector  potential  as  something  propagated 
in  time  from  the  true  electric  sources,  yet  remaining  essentially  the 
aame  function  which  Maxwell  treated  as  on  itistantaneoue  potential  of 
the  true  currents  and  the  fictitious  sthereal  curi'ents  taken  together. 
He  concludes  that  the  production  of  radiation  by  electrical  means  is 
possible,  that  *'  the  interactions  between  the  molecules  of  matter  and 
the  aether  are  of  the  same  character  as  the  electromagnetic  actions 
with  which  we  are  acquainted  " ;  and  at  this  early  date  he  goes  on  to 
•express  the  opinion  that  the  discharge  of  a  condenser,  arranged  so  as 
to  have  very  little  inductance  in  the  discharging  circuit,  may  be  made 
to  send  out  actual  electric  radiation  of  manageable  waye-length. 

Following  up  this  train  of  ideas  he  published  towards  the  end  of 
1883  an  investigation  of  the  intensity  of  radiation  that  would  be 
-electrically  obtainable.  His  radiator  was  an  alternating  electric 
current  flowing  in  u  small  circuit,  or,  as  ho  afterwards  described  it, 
a  vibrating  magnetic  doublet,  in  contrast  with  the  later  electric  doub- 
lets of  Hertz.  In  this  brief  but  for  the  time  very  remarkable  paper, 
he  starts  with  an  expression  for  the  vector  potential  A  as  propagated 
from  the  vaiying  time  current  t'o/  (0  ui  the  linear  circuit,  namely  the 
vector  formula 


.di&ZlB^, 


then  calculating  the  kinetic  energy  in  the  surrounding  field  by  the 
formula 

where  (u,  r,  to)  is  noyr  total  current,  and  8r  an  element  of  volume, 
he  finds  that  in  the  spherical  shell  between  radii  R  and  R  +  822,  this 
involves  an  amount  of  energy  which  is  proportional  to  iR  simply 
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togetlier  with  another  amount  which  also  varies  as  jB~*.  The  latter 
part  he  identifies  as  helonging  to  the  ''  forced  displacement-currents  " 
ai-ound  the  vibrator,  that  is  to  the  oscillations  of  the  vibrating  sthereal 
system  at  the  source,  which  send  out  the  radiated  displacement- 
currents  of  which  the  former  term  represents  the  energy.  The  energy 
thus  radiated  per  second  comes  out  as 

where  A  is  the  area  of  circuit,  Tthe  period  of  the  alternations  of  the 
current  when  they  are  simple  harmonic,  and  c  the  velocity  of  light. 
He  points  out  that  all  of  this  formula  escept  the  numerical  factor 
could  have  been  obtained  from  the  theory  of  dimensions  alone,  assuming 
of  course  the  existence  of  clear  ideas  of  the  physical  process  involved. 
This  radiated  energy  is  very  small  in  amount  except  for  high 
frequencies ;  with  10^  alternations  of  the  current  per  second  it  amounts 
iV  (4^)^  Gfgs  per  second.  He  suggests  the  possibility  of  estimating 
the  magnetic  moment  of  a  gaseous  molecule  considered  as  a  vibrating 
magnetic  doublet,  in  this  manner,  from  a  knowledge  of  the  radiating 
power  of  the  gas.  He  had  here  not  quite  got  to  the  conception  of 
identifying  the  source  of  radiation  with  the  motions  of  the  electrons 
in  the  molecule.  Hertz  afterwards  approached  closer  when  he  took 
for  his  theoretical  vibrator  an  alternating  electric  doublet  instead  of  a 
magnetic  one.* 

As  everybody  knows,  the  apotheosis  of  these  studies  of  radiation, 
so  clearly  presented  to  the  mental  eye,  came  three  years  later  in 
Hertz's  detection  of  the  phenomenaf  which  have  now,  in  wireless 
telegraphs,  become  developed  into  a  commonplace  of  civilization. 
Beyond  all  question  the  genius  of  Hertz  deserved  this  success,  and  he 
stands  alone.  But  the  tracing  of  the  history  of  scientific  thought 
on  the  eve  of  a  great  advance  is  always  fascinating  and  instructive. 
At  the  very  time  Fitz  Gerald  was  formulating  these  profound  yet 
direct  views,  or  soon  after,  Oliver  Lodge,  his  close  friend  and  in  a 
sense  his  pupil,  was  actually  engaged  in  feeling  out  the  nodes  of  the 
electric  waves  that  ran  along  his  discharge-circuits  like  sound-waves 

*  Cf .  infra^  pp.  272-273,  and  in  other  places.  Reference  may  also  be  made  to  the 
simple  zoetropic  reproduction  (p.  275  infra\  previously  suggested  by  Hertz,  of  the 
features  of  the  propagation  of  the  lines  of  electric  force  from  the  radiator. 

t  First  expounded  in  this  country  by  Fitz  Gerald  (No.  49,  \rfrti\m 
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along  pipes ;  and  there  can  be  little  doubt  that  the  goal  of  the  experi* 
mental  demonstration  of  Maxwell's  theory  would  have  been  reached 
along  this  path,  though  not  perhaps  >dth  the  same  directness  aa 
Herts  attained.  Indeed  it  appeared  that  phenomena  of  the  same 
kind  as  Hertz's  had  been  noticed  long  before  by  Joseph  Henry,  and 
had  suggested  thoughts  of  propagation  of  electric  influence;  now 
when  we  are  instructed,  the  difficulty  is  so  to  speak  to  avoid  them. 
Bef erring  again  to  this  paper  on  the  intensity  of  radiation,  we  see 
dearly  emerging  from  its  analysis  the  conception  of  an  electric  source, 
and  of  the  electric  field  as  formulated  in  terms  of  vector  and  scalar 
potentials  directly  propagated  from  the  sources.  This  is  the  idea 
which  H.  A.  Lorentz  developed  into  a  general  theory  of  electro- 
dynamics in  1892,  ten  years  afterwards.  The  expression  of  his  results 
has  attained  to  idtimate  simplicity  in  the  compact  statement  by 
Levi-Civita  in  1897,  that  vector  potential,  varying  as  usual  inversely 
as  the  distance,  continually  travels  out  in  time,  with  the  velocity  of 
radiation,  from  each  clement  of  true  current,  and  change  of  static 
electric  potential  similarly  travels  out  from  each  displacement  of 
electric  charge,  and  that  the  electric  force  (on  electricity  at  rest)  and 
the  magnetic  force  in  the  sether  are  expressed  in  terms  of  these 
potentials  in  Maxwell's  manner.*  But  this  kind  of  vector  potential 
is  a  difficidt  one  for  purposes  of  analysis  of  media  treated  as  continuous, 
its  value  at  a  point  at  a  distance  r  from  a  source  depending  on  the 
strength  of  the  source  not  at  the  instant  considered  but  at  a  previous 

*  The  very  same  scheme  had  been  proposed  as  early  as  1867  by  L.  Lorenz,  as 
a  modification  of  the  "Weber-Xeumann  equations  which  would  equally  well  represent 
the  facts  of  electrodynamics  for  bodies  at  rest  so  far  as  at  that  time  known,  while 
it  would  also  include  an  electric  theory  uf  light  consistent  with  existing  optical  know- 
ledge. Cf.  Lorentz,  Togg,  Ann,  18G7,  '  CEuvres  Scientifiques  *  i,  p.  179,  referred  to 
by  Maxwell,  'Treatise,'  ii,  §  805.  This  brilliant  and  powerful  attempt  at  general- 
ization, though  precisely  parallel  analytically  with  the  form  of  Maxwell's  theory 
referred  to  in  tha  text,  cannot  however  be  considered  as  an  independent  physical 
advance  to  that  theory  from  a  different  point  of  view,  the  physical  foundation  on 
which  it  was  based  by  its  author  being  in  fact  self -contradictory.  All  true 
carrent  was  taken  to  be  current  of  conduction,  dielectric  polarization  not  being 
oontemplated ;  thus  even  in  free  space  it  was  necessary  to  have  conductivity, 
otherwiie  true  current  could  never  become  established  there.  Yet  if  a  distribution 
of  current  could  be  supposed  thus  established,  it  would  travel  according  to  the 
same  laws  as  the  lij^ht-vibration,  as  a  result  of  the  initial  postulate  that  all  the 
effects  are  propagated  in  time  with  a  common  velocity, — provided  however  that  the 
conductivity  is  small  enough  to  be  neglected  in  this  latter  connexion.  But  on  the 
other  hand,  if  the  conductivity  is  indefinitely  small  it  could  never  give  rise  to  any 
electric  flux  to  be  so  propagated ;  thus  the  hypothesis  of  free  propagation  in  time  is 
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tiine — ^preTiouB  by  r/c  when  the  source  is  at  rest.  In  practice,  Maxwell's 
original  potentials  are  much  more  convenient :  with  him  there  is  no 
finite  propagation  of  potentials,  their  values  depending  on  the 
strengths  of  the  sources  at  the  very  instant  considered,  but  to  attain 
to  this  simplicity  the  change  of  so-called  sethereal  displacement  must 
be  treated  as  current  in  ^lazwcli's  manner,  as  well  as  the  convection 
of  the  charges.  It  is  only  for  the  total  current  thus  complexly 
constituted  that  the  simple  laws  of  the  early  electrodynamics  of 
Ampere  and  Faraday  are  strictly  applicable,  when  the  incomplete 
circuits  of  electric  discharges  are  under  consideration.  A  theory 
which  developed  itself  on  the  basis  of  the  universality  of  these  laws 
was  thus  bound  to  follow  Maxwell's  mode  of  exposition.  In  1893 
the  formal  development  of  electrodynamic  theory  from  this  point  of 
view,  inspired  at  the  start  by  Fitz  Gerald's  electric  interpretation  of 
MacCullagh's  optical  analysis,  and  by  mechanical  models  based  oa 
Lord  Kelvin's  construction  for  a  rotationally  elastic  tetlier,  and 
resting  directly  on  the  single  broad  d3rnamical  basis  of  the  principle 
of  Least  Action — the  molecular  character  of  all  electrification  and  the 
recognition  of  the  physical  nature  of  the  effects  produced  by  its 
motion  being  an  indispensable  feature — ^was  initiated  in  Oreat  Britain; 
it  was  practically  complete  early  in  1897,*  running  parallel  in  the 

iDConsistent  with  conduction.  The  theory  of  Maxwell  requires  the  recognitioQ  of 
polarization  currents  in  dielectrics  as  well  as  currents  of  conduction,  thus  replacing 
Lorenz*8  coefficient  ^  by  A*  +  k'djdi ;  it  also  requires  in  its  more  detailed  d«v«lop* 
inent,  as  indicated  in  the  text,  that  M-hat  is  propagated  across  empty  space  is  not  a 
•disturbance  of  electricity  but  a  wave  of  elastic  displacement  of  the  ether.  The 
mere  introduction  of  a  dielectric  constant  (implied  in  //)  for  matter  and  also  for 
asther,  in  addition  to  Lorenz's  conduction  constant  (A),  would,  however,  at  once 
bring  his  theoty  into  conformity  with  Maxwell's,  at  the  stage  in  which  the  latter 
was  left  by  its  author. 

*  Larmor,  *  A  Dynamical  Theory  of  the  Electric  and  Luminiferous  Medium,* 
!%«.  TVffitf.,  1894  A,  pp.  719-822;  1895  A,  pp.  695-743;  1897  A,  pp.  206-800; 
alao  '.Sther  and  Matter,'  Camb.  Univ.  Ti-css,  1900.  The  general  conception 
that  the  atom  is  not  a  mere  mass-point,  but  is  the  centre  of  a  correlated  field  of 
power  in  the  surrounding  ftther,  was  fully  realized  by  Faraday ;  while  its  germ 
doubtlesa  goes  back  to  Descaites.  Cf.  Faraday's  'Experimental  Researches,' 
vol.  ii,  pp.  284-93,  vol.  iii,  p.  20,  in  connexion  wiUi  his  magneto-optic  diaooTeriei, 
also  a  vivid  general  argument  in  vol.  iii,  pp.  570-4,  and  the  various  papcis  on 
physical  lines  of  force  contained  in  that  volume.  What  remained  to  be  aecom- 
plished  was  detailed  mathematical  development  along  the  lines  of  Maxwell's 
interpretation  of  Faraday's  views  of  electric  transmission,  on  the  basis  that  the 
field  of  power  of  the  atom  is,  wholly  or  largely,  the  intrinsic  field  of  its 
electrons. 
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main  results,  though  not  in  method  or  mode  of  deTelopment,  with 
Lorentz's  final  presentation  in  his  tract  of  date  1895.  This  mode  of 
inyestigation  immediately  obtained  the  strong  and  actiTe  support  of 
FitzGerald.  The  discovery  by  Zeeman  and  Lcrentz  in  1897  of  the 
subdivision  of  the  lines  in  a  spectrum  by  a  magnetic  field  afterwards 
provided  the  stimulus  required  to  attract  general  attention  to  a  theory 
whose  logical  processes  were  difficult  and  unfamiliar,  in  whatever 
manner  it  was  developed :  so  that  this  point  of  view  is  now  universally 
prevalent,  and  is  perhaps  occasionally  pushed  to  extremes  that  would 
have  discredited  it  when  in  the  purely  theoretical  stage.  The  distinc- 
tion here  sketched  between  the  analytical  potentials  of  Haxwell  and 
the  potentials  that  are  actually  propagated  from  true  electric  sources 
had  been,  as  may  be  gathered  from  the  account  here  given,  long  ago 
fermenting  in  FitzGerald's  mind,  though  it  is  only  recently  that  it 
has  emerged  into  the  simplicity  demanded  for  its  general  recognition : 
it  appears  from  one  of  his  last  letters  that  it  had  been  his  intention  to 
work  the  subject  up,  if  time  had  allowed,  into  a  paper  tor  the  British 
Association  in  September,  1900. 

Fitz  Gerald's  skill  in  intuitional  constniction  was  illustrated  by 
a  striking  model  of  the  functions  of  the  aether,  invented  in  1886 
in  connexion  with  the  dynamical  theory  of  his  memoir  on  optical 
reflexion.  The  problem  was  to  form  a  simple  representation  of  a 
medium  possessing  the  type  of  elasticity,  rotational  but  not  at  all 
distortional,  described  above.  He  effected  this,  as  regards  two  dimen- 
sions of  space,  by  mounting  a  number  of  wheels  freely  on  a  board, 
and  connecting  adjacent  ones  in  pairs  in  various  ways  by  elastic  bands 
stretched  over  them,  so  that,  as  the  bands  maintained  a  hold,  the 
wheels  became  bound  together  into  a  single  elastic  system.  Fixity 
of  the  centres  of  the  wheels  implied  incompressibility  of  the  medium* 
A  rotation  imparted  to  one  of  the  wheels  spread  itself  to  the  surround- 
ing ones  and  at  the  same  time  set  up  elastic  stress  in  the  bands :  this 
stress  represented  a  field  of  electric  or  ethereal  polarity — the  poles 
being  the  two  sides  of  a  band,  one  side  extended,  the  other  shortened. 
A  rotational  disturbance  imposed  at  any  place  in  such  a  medium  was 
propagated  by  the  elasticity  of  the  bands,  with  finite  speed  on  account 
of  the  finite  moments  of  inertia  of  the  wheels :  the  kinetic  energy  of 
the  revolving  wheels  represented  the  magnetic  energy  of  the  field, 
which  was  thus  in  direct  relation  to  the  changing  electrio  strain.  In 
the  state  of  equilibrium,  free  fi'om  internal  polarization,  the  elaatio 
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iMiods  must  be  snpposed  to  be  tree  from  such  differences  of  tenrion 

lietween  their  two  sides.    A  region  in  wbich  the  wheels  were  loose 

represented  a  conductor.    An  intrinidc  polarity  may  be  introduced 

into  this  medium  at  any  pbce  by  rotating  one  or  more  of  the  wheels 

there  situated,  making  them  slip  underneath  the  bands  that  pass 

around  them :  when  they  are  released  there  will  be  a  permanent  field 

of  strain,  %,e.  an  electric  field.    The  lines  of  electric  polarity  will  be 

drdes  surrounding  the  place,  which  therefore  is  the  analogue  of  a 

changing  free  magnetic  pole ;  an  electron  is  not  readily  represented^ 

nor  therefore  are  electric  currents  which  iuTolye  the  transfer  of 

charges  throu^  the  medium.    But  we  can  hare  currents  within  a 

limited  range;    if  the  region  contains  perfect  conductors,   slip  is 

continually  talring  place  at  their  surfaces  when  disturbances  are  going 

on  in  the  medium ;  this  represents  a  current  sheet  around  the  surface 

of  each  conductor,  which  compensates  the  external  disturbance  and  so 

aToids  any  penetration  to  the  inside  of  the  conductors.    The  model  in 

fact  illustrates  the  phenomena  of  dielectric  propagation,  which  is 

necessarily  of  alternating  character ;  but  it  does  not  include  the  free 

mobility  of  electric  charges  which  is  inrolTed  in  an  ordinary  current 

of  conduction.    By  employing  wheels  with  various  orientations,  and 

replacing  the  elastic  bands  by  hydraulic  oonnezions,  the  model  ii 

capable  of  extension  to  the  three  dimensions  of  space. 

The  converse  (in  a  scdbc)  of  this  plan,  which  took  the  kinetic,  t.#. 
magnetic,  energy  of  the  medium  to  be  the  rotatory  energy  of  the 
wheels,  gives  the  rotationally  elastic  medium  of  Kankine  and  Kelvin, 
with  kinetic  energy  translatory,  which  can  be  practically  illustrated 
only  by  complicated  gyrostatic  Fvstems.  In  each  case  the  elastic 
energy  is  rotational.  But  here  electrons  can  be  definitely  created  in 
the  medium  by  supernatural  operations  involving  a  kind  of  knotting 
process,*  while  free  magnetic  poles  cannot  exist ;  and  a  true  electrio 
current  being  a  flux  of  electrons,  the  representation  is  complete.  Not, 
however,  entirely  complete ;  for  the  nature  of  the  mobility  through  the 
medium  of  the  core  of  the  electron  is  unspecified,  though  when  that 
is  postulated  the  model  shows  how  its  surrounding  electric  field 
necessarily  travels  along  with  the  core.  The  nature  of  the  core  itseU 
involves  the  problem  of  the  intimate  intrinsic  structure  of  the  material 
atom:  if  that  could  be  explored  there  would  be  no  secrets  left  in 
Nature  :  in  electrodynamics  and  optics  we  may,  therefore,  be  content 

*  Cf.  Unnor,  'iBther  and  Matter,*  Apptndiz  £. 
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to  know  the  way  in  whicli  an  electric  field  travelB  through  the  aether 
without  ever  becoming  disconnected  from  the  unknown  nucleus  or 
electron  to  which  it  belongs.  The  science  of  physics  is  concerned 
only  with  the  interactions  between  the  atoms,  which  operate  through 
the  agency  of  the  sether  in  which  they  definitely  subsist;  we  may 
attain  to  clear  views  on  that  subject  even  though  we  be  warned  off  the 
more  obscure,  perhaps  unfathomable^  problems  of  the  intimate  nature 
of  matter  itself,  and  of  the  vital  manifeshitions  of  which  it  can  become 
the  seat. 

Examination  of  the  very  interesting  papers  devoted  to  this  subject 
will  help  to  elucidate  the  fundamental  part  which  intuition,  working 
by  means  of  models  and  analogies,  can  play  in  the  formation  of 
physical  theory,  and  the  breadth  and  justness  of  the  general  views  as 
to  the  operations  of  Nature  that  can  thence  be  acquired.  According  to 
Helmholtz  this  method  of  procedure  has  been  characteristic  of  the 
British  School.  Its  advantage  is  that  correlations  between  directed 
physical  quantities,  which  for  their  mathematical  expression  may 
require  intricate  formal  operations,  are  made  to  run  parallel  with 
actual  processes  with  which  we  are  conversant  from  experience,  so 
that  they  can  be  considerably  developed  without  much  trouble ;  the 
transition  from  analogy  to  theory  then  proceeds  through  abstract 
logical  analysis  of  these  familiar  processes,  in  the  course  of  which 
ideas  become  permanently  generalized,  and  in  the  end  but  little  of  tlie 
original  analogy  may  remain.  Notable  examples  are  Cavendish's  modes 
of  thought  which  carried  him  some  way  into  the  nature  of  electrical 
phenomena  more  than  a  century  ago,  and  the  ideas  of  Faraday  which 
formed  the  foundation  of  his  own  discoveries  as  well  as  the  basis  of 
the  modem  point  of  view  in  physical  science.  An  intermediate  link, 
between  bare  physical  intuition  and  fully  correlated  theory,  has  been 
forged  in  the  entirely  new  range  of  dynamical  thought  iuTolved  in 
Helmholtz's  cardinal  discovery  (illustrated  and  doubtless  suggested  by 
the  comparative  permanence  of  eddies  in  actual  fluids)  that  permanent 
Tortex  aggregates  maintain  their  existence  (subject  to  the  condition 
necessary  for  stability)  in  a  frictionless  fiuid  medium,  solely  through 
the  interaction  of  inertia  with  the  implied  perfect  continuity  of  move- 
ment, that  they  in  fact  determine,  and  in  a  sense  control,  the  entire 
motion  of  the  medium  in  which  they  subsist.*    And,  taking  its  rise 

*  For  acme  years  past  Fitz  Gerald  was  considerably  occupied  with  diflBcult  but 
very  suggestive  speculations,  in  part  imblished,  explaining  the  elasticity  of  the 
•ther  by  a  tangled  structure  of  vortex  filaments  in  a  medium  otherwise  fluid. 
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from  special  problems  of  gyrostats  and  vortices  and  other  steady 
motionB,  we  now  possess  the  simple  and  masterful  generalization  of 
the  Lagrangian  dynamics  aborc  described,  foreshadowed  by  Kelvin 
jmd  Haxwell,  developed  independently  by  Kelvin  and  Bouth,  and 
snbseqnently  expounded  by  Helmholtz,  in  which  the  conserved 
momenta  of  permanent  internal  motions  are  considered  to  be  a  part  of 
the  constitution  of  the  system  just  as  much  as  the  distribution  of  the 
masses  and  the  geometrical  configuration.  So  that  while  Lagrange 
and  Hamilton  were  able  to  form  a  synthesis  of  the  possible  modes  of 
motion  of  a  purely  dynamical  system,  specified  as  regards  mass  and 
configuration,  by  means  of  the  single  formula  of  Least  Action,  we  axe 
now  able,  as  the  result  of  n  still  more  concentrated  analysis,  to  express 
the  laws  of  the  dynamical  phenomena  that  can  ari^c  in  a  general 
system  more  closely  si)ecified  by  mass  and  conBguration  and  intrinsio 
motions,  and  to  by  down  the  limitations  to  which  all  such  non- 
dissipative  dynamical  systems  mtist  conform.  The  question  suggests 
itself  whether,  in  face  of  go  wide  a  synthesis,  the  r6U  of  analogies  and 
models  in  the  discovery  of  physical  principles  is  not  now  ended: 
Helmholtz  has  in  fact  himself  recorded  that,  in  general  physics,'  he 
found  it  easier  to  begin  with  wide  formal  relations  into  which  the 
phenomena  are  to  be  fitted  rather  than  to  ascend  through  special 
analogies  to  more  general  views.  Yet  this  descriptive  method  may, 
perhaps,  still  be  held  to  be  more  suitable  for  codifyiDg  existing 
knowledge  than  for  feeling  after  its  underlying  implicntions.  Doubt- 
less there  are  advances  yet  to  come  which  will  an*nnge  in  still  clearer 
and  simpler  order  the  main  features  of  the  phenomena  that  can  arise 
in  purely  dynamical  systems,  and  the  essential  limitations  to  which 
such  sptems  are  subject. 

In  1882,  in  a  paper  on  the  electromagnetic  effects  due  to  the 
motion  of  the  Earth,  Fitz  Gerald  turns  his  attention  to  the  question 
how  far  Maxwell's  scheme  satisfies  the  very  crucial  test  arising  form 
the  fact  that  we  have  here  a  velocity  of  as  much  as  20  miles  per 
second  available  for  our  observations.^  In  his  treatise  Maxwell  had 
noticed,  somewhat  vaguely,  that  the  general  fonn  of  his  dectro- 
dynamic  equations  is  not  affected  wben  the  whole  '>ystem  is  moving 
with  uniform  translatory  velocity,  if  the  axes  of  reference  move  along 

*  Later  he  remarked  the  bearing  of  this  velocity  on  any  hypothesis  that  would 
make  inertia  a  function  of  temperature :  any  such  addition  to  mass,  that  might 
arise  from  change  of  temperature,  would  demand  a  large  impulse,  such  at  cuold 
not  fall  to  be  noticed,  in  order  to  acquire  for  it  the  velocity  of  the  £arth*a  motion. 
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with  the  system;  and  the  optical  consequences  of  this  fact  were 
doubtless  present  to  his  mind.  If  the  tether  were,  supposed  to  move 
along  with  the  material  system,  this  result  would  indeed  be  involyed 
in  the  mere  principles  of  relative  motion.  It  is  not  true  in  any  case 
for  movements  of  rotation.  In  the  paper  under  notice  it  is  recogniased 
that  there  would  be  an  alteration  in  the  force  acting  between  electric 
charges,  arising  from  their  convection,  for  if  they  are  convected 
alongside  each  other  with  the  velocity  of  light  their  mutual  attraction 
would  disappear;  for  small  velocities  the  alteration  is  however  of 
the  second  order.  But  he  now  found  from  Maxwell's  equations  that 
there  would  be  no  efPect  produced  on  a  moving  magnet  by  any  charges 
carried  along  with  it,  for  there  would  be  induced  on  its  surface  a 
charge  which  would  exactly  neutralize  the  magnetic  influence  of  the 
moving  external  charges ;  and  conversely  there  would  be  no  force  on 
the  moving  charges  arising  from  currents  or  magnets  which  are 
carried  along  with  them.  In  ignorance  of  this  result,  quite  recently 
it  has  still  been  thought  to  be  a  difficulty  in  a)ther-theory,  that  no 
magnetic  action  of  charges  convected  with  the  Earth's  motion  has  been 
observed.  In  fnct  FitzGerald  went  about  as  far  as  was  possible  at 
that  eaiiy  date :  the  complete  analysis  of  convection  involves  separate 
treatment  of  the  mo\'ing  electi'icity  and  the  stagnant  mther,  such  as 
was  successfully  developed  by  Lorentz  ond  other  writers  ten  years 
afterwards.  Luter  on  he  was  greatly  interested  in  the  discrepancy 
between  Michelson's  classical  interference  experiment,  which 
suggested  that  the  sether  moved  rigorously  along  with  the  Earth,  and 
the  body  of  electric  doctrine  which  almost  demanded  that  it  should 
be  stagnant.  He  was  the  first  to  suggest  the  natural  reconciliation, 
for  which  much  theoretical  evidence  has  since  accrued — which  is  in 
fact  a  necessary  consequence,  if  forces  of  cohesion  are  wholly  or 
mainly  electric — ^that  motion  through  the  a)ther  afPects  the  dimensions 
of  solid  molecular  aggregations,  but  to  an  extent  so  minute  as  to  be 
detectable  only  by  most  refined  optical  measurement. 

There  is  a  paper  of  this  date  on  comets*  tails.  It  is  pointed  out 
that  Maxwell's  pressure  of  radiation,  acting  on  cosmical  dust,  being 
proportional  to  the  intensity  of  the  radiation,  is  invei-sely  as  the 
square  of  the  distance  and  so  proportional  for  all  distances  to  the 
gravitational  attraction  of  the  radiant  body.  For  attraction  thus  to 
be  changed  into  repulsion  the  mass  must  be  very  light,  or  its  effective 
surface  very  great  compared  with  its  volume ;  the  latter  condition 
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nay  be  attained  by  extreme  Bxiiallness  of  the  particles.    The  more 
xninnte  analysis  that  is  now  possible  connects  the  repulsion  directly 
xriih  reflection  and  absorption  of  the  waves  of  r«adiant  energy;  in 
thes^  processes  a  definite  mechanical  force  is  established  whose  re- 
action is  on  the  surrounding  sther  and  not  on  the  radiant  body.    The 
T-olidity  of  the  principle  of  Least  Action  for  the   complex  system 
cctber  fhu  matter  implies  that  action  and  reaction  are  everywhere 
balanced   for  these   two     constituents    taken    together  ;    but    the 
l^raxwellian  pressure  of  radiation,  now  satisfactoiily  established  on 
thermodynamic  and  other  evidence,  shows,  as  Poincare  has  recently 
admitted,  that  this  balance  cannot  always  be  maintained  for  either 
constituent  separately. 

In  1886,  he  published  a  study  of  the  limits  of  the  velocity  of  the 
working  parts  of  engines,  a  subject  which  has  come  to  the  front  recently 
in  connexion  with  the  steam  turbines  of  Parsons  and  Laval.*  In  the 
same  year,  the  work  of  Forcl  on  the  Lake  of  Geneva  induced  him  to 
publish  an  account  of  a  beautiful  and  physically  very  suggestive 
survey  of  the  meteorological  thermal  phenomena  in  Lough  Derg, 
which  he  had  made  while  at  home  at  Killaloe,  in  the  summer  of 
1876,  when  he  was  still  a  candidate  for  Fellowship. 

He  was  a  powerful  advocate  (pp.  307-20)  of  the  theory  of  Crookes 
and  Stokes,  that  the  cathode  rays  are  streams  of  electrified  particles, 
when  the  balance  of  opinion  abroad  was  strongly  against  that  view ; 
and  in  1893  he  broached  the  view  (p.  298)  more  recently  developed 
by  Arrheniusy  that  the  outlying  streamers  of  the  Solar  corona,  and 
magnetic  storms  on  the  Earth,  may  arise  from  projection  of  jets  ol 
electrical  ions  from  the  Sun. 

In  recent  years  Fitz  Gerald  has  taken  a  leading  part  in  the  critical 
discussions  regarding  the  foundation  of  the  laws  of  osmotic  phenomena 
and  electrolysis,  and  the  ionization  of  solutions.  Indeed  this  latter 
term,  now  universally  adopted  to  distininiish  the  phenomena  from 
ordinary  dissociation,  in  which  electric  separation  does  not  occuTi 
was  originally  due  to  his  suggestion  ;  recently,  in  a  contribution 
to  a  British  Association  discussion,  abstracted  afterwards  in  Naiur$ 
(p.  523  tn/ra),  he  proposed  the  term  electronization  for  the  still  differ- 
ent phenomena  of  molecular  decomposition  that  are  involved  in  the 
formation  of  the  cathode  streams  in  vacuum  tubes.     Some  years  ago 

*  The  same  problems  are  treated  by  0.  Reynold!  in  the  En$\nttr  in  18S1, 
reprinted  in  Collected  Papers,  vul.  ii. 
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he  completed  the  work  of  Maxwell  and  Chrjstal  on  the  degi'ee  of 
validity  of  Ohm's  law  of  conduction,  by  a  minute  test  in  electrolytes 
with  currents  conducted  through  a  small  hole  in  a  diaphragm ;  no 
deviation  was  detected  in  the  resistance  required  to  balance  his 
bridge,  whatever  was  the  current  employed,  so  long  as  the  tempera* 
ture  remained  the  same ;  and  the  law  possibly  holds  rigorously  np  to 
the  point  of  rupture  of  the  conducting  medium. 

The  slight  displacement  of  the  lines  in  a  spectrum  towards  the 
red,  with  increasing  pressure  of  the  surrounding  gas,  which  was 
discovered  and  investigated  by  the  Baltimore  spcctroscopists,  he 
ascribed  to  increase  of  density  of  the  surrounding  matter  rather  than 
to  pressure.  Each  molecule  in  the  neighbourhood  contributes  to 
reduce  the  effective  statical  elasticity  of  the  vibrating  (ethereal  system, 
in  a  way  which  when  averaged  up  on  a  large  scale  shows  itself  as 
increase  of  the  electric  permittivity  of  the  medium  as  a  whole ;  thus 
the  presence  of  each  molecule  must  increase  all  the  periods  of  free 
vibration  of  neighbouring  cues  :  in  fact  Wilbiug  and  others  have 
observed  that  when  the  spark  is  taken  in  dense  liquid  media,  the 
displacement  of  the  spectral  lines  becomes  large  and  indefinite.  He 
has  also  paid  much  attention  to  the  Zeeman  change  produced  by  a 
magnetic  field,  and  was  the  fii-st  to  dcvelope  in  a  definite  quantitatiTe 
manner  (p.  464  infra)  its  relation  to  the  Faraday  magneto-optic  effect. 

An  account  of  an  experiment  bearing  on  the  refined  and  delicate 
subject  of  the  relation  of  jethcr  to  matter,  which  FitzGerald  instituted 
with  Dr.  Trouton  during  the  last  months  of  his  life,  and  which  has 
been  carried  out  by  the  latter,  is  reprinted  (Xo.  107  /w/ra)  from  Dr. 
Trouton's  memoir.  There  is  weighty  theoretical  evidence*  that,  at 
any  rate  if  the  atoms  of  matter  are  constituted  electrically,  uniform 
translation  of  a  material  system  through  the  aether  does  not  alter  its 
mechanical,  electrical,  and  optical  phenomena,  up  to  and  including 
the  order  of  the  square  of  the  ratio  of  its  velocity  of  translation  to  the 
velocity  of  radiation ;  because,  in  fact,  the  molecules  of  the  system 
adjust  themselves  to  the  new  conditions  by  the  FitzGerald-Lorentz 
change  of  dimensions  above  mentioned.  Any  motion  not  uniform, 
but  in  which  the  change  of  velocity  is  slight  in  the  time  required  for 
electrodynamic  disturbance  to  become  adjusted  by  propagation  across 
the  system,  comes  practically  within  this  rule.  FitzGerald  seems  to 
have  thought  (No.  101  infra)  that  a  motion  abrupt  enough  to  be  out- 

*  Cf.  Larmor,  *  JSther  and  Matter,'  chapters  ix-zi. 
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side  tlie  rulei  and  so  possibly  to  reveal  mechanical  interaction  between 
aether  and  matter,  might  be  available  in  the  spark-discharge  of  a  con- 
denser; when  Cr6mieu's  difficulties  in  verifying  the  Rowland  convec-^ 
live  effect  were  first  brought  forward,  he  had  an  idea  that  some 
unknown  action  of  disruptive  discharge  of  this  kind  might  be  involved 
in  the  discrepancy.     However  that  may  be,  the  sensitiveness  that 
Tronton  had  found  to  be  possible  in  this  experiment  opens  a  path  in 
another  direction.    Unless  the  PitzGerald-Lorentz  change  of  dimen- 
sions is  admitted,  it  follows  from  accepted  electrical  theory  that  an 
elongated  electrified  conductor  carried  through  the  (ether  must  tend 
to  set  itself  lengthways  to  the  stream,  being  in  unstable  equilibrium 
when  broadside  on ;  and  it  turns  out  that  the  amount  of  the  resulting 
second-order  torque,  when  it  is  at  a  maximum  half-way  between  these 
two  positions  of  equilibrium,  comes  within  the  limits  of  detection, 
when  the  suspended  body  is  a  charged  condenser  such  as  Dr.  Trouton 
employed.     The  second-order  ojitical  experiment  of  Michelson  and 
llorley  has  hitherto  stood  alone— it  has  even  been  thought  necessarily 
so  on  account  of  the  unapproached  precision  of  optical  observations*. 
But  here  is   a  feasible  electrical  experiment  of  mechanical  typo, 
which  will  confirm  their  result  if  its  indications  should  also  turn  out 
to  be  negative.      For  this  torque  is  the  only  means  by  which  the 
energy  could  be  conser\'ed,  as  the  system  is  rotated,  if  the  dimensions 
of  the  system  remain  imaltered ;  it  is  not  allowable"^  to  suppose  that 
the  rotation  of  the  charged  body  through  a  right  angle  may  transform 
part  of  its  electrical  energy  into  other  energy  of  some  wholly  internal 
type,  which  is  recoverable  in  its  previous  form  by  the  reverse  oper- 
ation.    Even  in  the  absence  of  experiment  there  arc  theoretical  con- 
siderations that  can  be  brought  to  bear.     If  the  Fitz  Gerald-Lorentz 
effect  is  non-existent,  it  is  possible  to  imagine  {cf,  Kos.  107,  108 
infra)  an  electrical  arrangement  which  can  convert  the  energy  of  the 
translatory  motion  of  the  Earth  through  the  aether  into  mechanical 
work  available  between  different  mechanical  systems  on  the  Earth 
itself.     The  negation  of  this  almost  unlimited  source  of  power,  which 
in  a  certain  sense  might  be  classed  as  a  ''  perpetual  motion,"  carries 
with  it  the  existence  of  the  effect  aforesaid.     Moreover,  if  it  were 
possible,  even  by  a  highly  artificial  arrangement,  to  transform  energy  of 
homogeneous  translation  of  a  body  into  energy  of  relative  motion 

*  Cf.  Heaviaide,  ThxL  Mag.  April,  1889 ;  J.  J.  Thomson,  *  Eecent  ReMarches. 
in  Electricity,*  p.  18. 
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between  its  parts,  which  frictional  action  would  ultimately  degrade 
into  heat,  we  are  entitled  to  assert  that  in  the  infinitely  varied  vicissi- 
tudes of  things  this  transformation  would  actually  occur;  and,  as  it  is  not 
completely  reversible,  energy  of  translatory  motion  would,  in  fact,  thus 
suffer  degradation,  and  there  would  bo  an  (ethereal  resistance  to  the 
motion  of  bodies  through  space.  The  question  of  the  conditions  under 
which  we  are  entitled  to  separate  the  mechanical  and  the  thermal 
energies  of  a  material  system,  and  to  discuss  the  transformations  of 
each  independently  of  the  other,  is  fundamental  for  theoretical  thermo- 
dynamics, and  has,  consequently,  received  attention.*  The  present  con- 
siderations introduce  a  similar  question  in  regard  to  asthereal  energy. 

This  rapid  review  of  the  acquisition  and  settlement  of  a  new 
region  in  physical  science  has  been  suggested  by  the  recent  departure 
from  amongst  us  of  one  who,  by  general  acclaim  of  his  fellows,  held 
the  position  of  a  leader  in  the  enterprise.  It  has  permitted  us  in  a 
way  to  bring  to  a  focus  our  estimate  of  Pitz  Gerald's  powers  in  the 
domain  of  physical  thought.  Looking  back  from  our  present  position 
of  vantage  on  his  own  published  work,  which  represented  but  a  small 
portion  of  his  scientific  activity,  the  main  feature  is  its  tentative 
and  pioneering  character  and  the  continuous  effort  towards  general 
views ;  we  can  see  more  in  it  than  his  contemporaries  saw  at  the  time, 
doubtless  more  even  than  he  was  clearly  conscious  of  himself.  The 
concentration  in  the  exposition  of  the  more  onginal  ports — while  it  has 
perhaps  conspired  with  their  fragmentary  character  to  delay  recogni- 
tion of  their  width  and  grasp — keeps  them  still  fresh  ond  vivid  after 
more  elaborate  memoirs  have  had  their  day.  Although  an  accom- 
plished mathematician,  he  preferred  to  reason  in  terms  of  direct  images 
of  the  phenomena,  and  to  reserve  algebraic  representations  for  purposes 
of  calculation;  he  had  early  acquired  the  use  of  the  quaternion 
analysis,  and  handled  it  with  facility,  and  it  was  interesting  to  watch 
him  getting  to  the  bottom  of  a  tangled  scheme  of  physical  relations  by 
jotting  down  a  few  brief  vector  equations.  The  combined  efforts  of 
many  men  of  genius  are  required  to  take  full  possession  of  a  new 
territory ;  the  subject  must  be  for  a  time  in  the  air ;  its  ideas  must 
be  refined  and  polished  by  workers  with  various  gifts,  through  the 
mutual  attrition  of  apparently  conflicting  views,  before  the  body  of 
doctrine  emerges  in  compact  and  intuitive  form,  ready  to  take  its  place 

*  Oftbome  Reynolds,  Thxl,  Trant,  1895  A,  Collected  Papers,  ii,  p.  634;  of. 
also  Lannor,  'iEther  and  Matter/  p.  280. 
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18  common  knowledge  in  the  scientific  inheritance  of  mankind.  Here 
and  there  giants  stand  out,  a  Maxwell  or  a  Hertz,  and  by  some  special 
achieremcnt  fix  the  attention  of  their  contemporaries,  or  sometimes  it 
may  be  only  of  their  successors.  But  the  greater  number  of  workers 
ore  soon  merged  in  their  generation ;  they  have  helped  to  mould  the 
ideas  which  will  be  the  starting-point  of  the  next,  and  their  place  may 
be  not  the  less  important  though  no  definite  priorities  arc  claimed  for 
them,  or  specific  disco^-eries  attached  to  their  names. 

One  of  the  two  lioyul  Medals  was  awarded  to  Fitz  Gerald  in  the 
year  1899  by  the  Koyal  Society,  for  his  contributions  to  theoretical 
physics,  especially  in  the  domain  of  optics  and  electrodynamics.  The 
last  preceding  award  to  an  Irish  man  of  Science  had  been  in  1881,  to 
Her.  J.  H.  Jellett,  afterwards  FitzGerald's  father-in-law,  and  also 
Provost  of  Trinity  College,  then  known  also  as  a  weighty  aud  in- 
cisive preacher  and  churchman,  now  remembered  as  a  pioneer  in  the 
development  of  the  relations  of  chemical  equilibrium  to  the  concentra- 
tions of  the  reacting  constituents  nnd  the  temperatiire,*  as  much  as  for 
his  earlier  profound  iuvestigations  in  mathematics  and  mathematicid 
physics.  Dr.  Jellett  was  a  skilful  experimenter  in  the  optics  of  rota- 
tion of  the  plane  of  polarization,  and  used  this  efPect  as  a  physical 
measure  of  the  progress  of  chemical  reaction.  Community  of  tastes  early 
brought  Jellett  and  FitzGerald  into  close  relationship.  One  who  had 
unrivalled  opportunities  of  appreciating  them  both  remarks  on  "  the 
great  likeness  in  the  two  characters  :  the  great  simplicity,  the  direct- 
ness of  purpose,  the  utter  absence  of  preaching  but  the  living  of  the 
life  that  is  the  best,  their  great  tenderness  and  love  of  children." 

Fitz  Gerald  has  died  young,  in  the  fiftieth  year  of  his  age,  before 
any  failure  or  loss  of  freshness  had  come  over  his  mental  2>owers. 
Important  as  have  been  his  direct  contributions  to  the  intellectual 
progress  of  his  generation,  his  influence  over  his  fellows  has  been 
greater  still.  He  was  the  ideal  gentle  knight,  always  more  ready 
to  afford  what  assistance  he  could  to  others  than  to  jiruceed  with  his 
o^n  speculations  ;  even  in  his  lifetime  ho  has  had  his  reward  in 
becoming  the  trusted  adviser  and  guide  of  some  of  the  foremost  scientific 
men  of  the  age.  His  brilliant  discourse  to  the  Chemical  Society  of 
London  in  1896  as  the  Helmholtz  Memorial  Lecture  is  remembered 
there  as  a  classic.     The  impression  produced  by  his  loss  may  be  judged 

*  *  Researches  in  Chemical  Optics/  of  dates  1S60,  1863,  1873,  in  Trmn:  R.  1, 
Aead.  ut.  1873,  pp.  371-450. 
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from  the  affectionate  appreciations  collected  recently  in  Nature  (March 
7)  from  HcuWside,  Lodge,  Kamsay,  Peny  and  others  of  his  scientific 
contemporaries.^  Hei*e  it  will  suffice  to  insert  some  reminiscences 
received  more  recently  from  Lord  Kelvin: 

"My  fii-st  meeting  with  Fitz Gerald  was  when  we  were  hoth 
guests  of  Dr.  Truill,  of  Trinity  College,  Duhlin,  at  his  country  house 
near  Bushmills,  Co.  Antrim,  in  the  Easter  vacation  of  1883  or  1884, 
so  far  as  I  can  remember,  to  visit  the  first  electric  railway  of  the 
British  Empire,  then  recently  opened  between  l^ortru^h  and  the 
Giants'  Causeway. 

"  Expecting  to  meet  a  mathematician  of  high  order,  a  young  and 
distinguished  Fellow  of  Trinity  College,  I  found  much  more  than  the 
great  pleasure  I  anticipated.  ^lathematics  and  physics  in  abundance 
and  of  highly  interesting  quality  we  had,  but  in  Fitz  Gerald^s  person- 
ality there  was  a  unique  combination  of  which  I  never  had  experience 
before.  His  enthusiasm  about  water-power  and  electricity  were 
delightful.  We  had  many  little  and  some  considerable  troubles  in 
reconciling  steam  and  electric  power ;  and  whenever  a  linesman  or  a 
dynamo- di'iver  (a  mechanic  of  species  then  new),  or  a  fireman  or  an  oiler, 
was  in  trouble,  FitzGeruld  was  there  helping  him  as  a  comrade  and 
acting  practically  as  if  to  the  manner  bom  and  educated.  Our  happy 
three  days  together  on  that  occasion  gave  me  an  epitome  of  Fitz  Gerald, 
living  in  an  atmosphere  of  the  highest  scientific  and  intellectual  quality, 
but  always  a  comrade  with  eveiy  fellow-worker  of  however  humble 
quality ;  just  as  I  have  known  him  ever  since,  and  as  he  has  been 
known  for  a  quarter  of  a  ceutury  to  hosts  of  friends  and  brother 
workers  in  Ireland,  England  and  Scotland. 

"  My  scientific  sympathy  and  alliance  with  him  have  greatly 
ripened  during  the  last  six  or  seven  years  over  the  ondulatory 
theory  of  light  and  the  ajther  theory  of  electricity  and  magnetism ; 
and  I  feel  keenly  the  scientific  bereavement  which  his  loss  entailed 
on  myself. 

**As  for  his  whole  life,  it  seems  to  me  that  no  one  ever  attained 
more  nearly  than  Fitz  Gerald  to  the  chief  end  of  man  as  defined  by 
the  shorter  catechism  of  the  Church  of  Scotland,  *  to  glorify  God  and 
to  enjoy  Him  for  ever.'  "  J.  L. 

*  Cf .  also  Sir  W.  Uuggina'  Presidential  Address  to  the  Royal  Society  at  the 
Axiniversary  Meeting,  Nov.  30,  1001,  published  in  the  R.  S.  Yeai-book,  190*2, 
p.  1S4. 


ox  THE  EQUATIONS  OF  EQUILIBRIIDI  OF  AN  ELASTIC 

SURFACE* 

[From  Eermathena,  Vol.  II,  1876.] 

Lagrai^ge  has  investigated  the  problem  of  the  equilibrium  of 
an  elastic  string  in  two  ways,  first  supposing  it  to  be  perfectly 
flexible,  and  then  on  the  hypothesis  that  it  was  like  a  spring. 

He  has  only  investigated  the  problem  which  corresponds  to 
tlie  first  of  these,  in  the  case  of  an  elastic  surface ;  and  I  here 
propose  to  supply  the  omission. 

It  is  not  very  easy  to  see  at  once  what  function  to  use  as 
that  which  will  best  express  the  flexm-e  of  the  surface,  as  we 
cannot  use  the  total  curvature  which  is  unaltered  by  any 
bending  of  an  inextensible  sui-face.    I  therefore  pitched  upon 

—  +  -=)d5^  as  most  suitable:  for  if  ds  and  ds'  be  elements  of 

<^     ^}  ds' 

two  lines  of  curvature,  the  bending  round  ds  is  -57  and  this  per 

dsds'  ^ 

unit  of  length  of  rfe  is  —57-,  and  similarly  for  ds'\  so  the  total 

/I       1  \ 
bending  may  be  represented  by  f  —  +  —  1  dS,  when  dS  is  the 

element  of  surface  *  dsds\ 

*  [The  subject  treated  here  is  the  statics  of  a  cnryed  sheet  which  is  subjected 
to  applied  force  (X,  F,  Z)  per  unit  oren,  and  which  reacts  with  a  tension  E  uniform 
in  all  directions,  opposing  extension,  and  a  torque  F  opposing  pure  bending  only, 
and  isotropic  so  at  to  be  the  same  for  bending  in  aU  planes.    The  torque  is  thus  of 
special  type.    If  we  restrict  the  problem  by  imposing  conservation  of  the  strain- 
energy  of  the  sheet,  E  must  be  a  function  of  the  areal  extension,  and  F  a  function 
of  /,  as  is  in  fiu:t  found  later  (p.  3}  to  be  necessary  when  the  applied  forces  have 
a  potential.    For  the  treatment  of  the  general  elastic  problem  in  which  the  torque 
is  not  thus  restricted,  but  under  the  physically  important  restriction  of  linear  con- 
nexion between  strain  and  stress,  cf.  Lord  iiayleigh*s  Thevry  0/  Sounds  Ed.  2, 

T0I.  I,  Chapters  Z,  Za.] 

B 


2  On  the  Equations  of  Equilibrium  [i  876 

We  thus  get  for  the  equilibrium  of  a  surface  posaessiiig  both 
kinds  of  elasticity  the  following  formula : — 

/{Snrf/S  + ^8&  + ^8(-|+ -g?)  ^}  -  0, 

calling  E  the  elastic  force  of  the  surface,  and  F  that  of  its 
flexure.    Hence  calling 

dS  =  Udxdy    where     U «  y^l  +  2?*  +  5*, 
and  8n  -  Xb:  +  Yiy  +  Z^z, 

we  get,  on  integrating  this  out  by  parts  according  to  the  prin- 
ciples of  the  Calculus  of  Variations, 

-ii:[i(-i)^*iK)]"^ 


+  FU 


fdl  ^     dl  .\ 


dEU^      dEU^ 


dx  dy 

\dx\     dp)      dy\     dy  J      dx\        dp) 

dy\       <^)     da^\       dr)     dxdy\       ds) 


dxdy. 
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of  an  Elastic  Surface 


Henoe  as  &r  -  S'z  -jpSr-  qly,  calling  P  the  coefficient  of  Si^ 
we  get  the  three  following  equations :—   • 

„^     ^dU     dEU    „rT^       ^    • 
dx        dx  dx    '^ 

dy       dy  dy 

UZ'P  -0. 

From  these,  since  dz  ^pdx  +  qdy^  we  get 

Udn-UdE-^FUdlmQ. 

Therefore,  as  in  all  such  cases,  ,we  get,  assuming  the  forces  to 
have  a  potential  0, 

From  the  equation,  ITZ  -  P« 0,  we  get,  writing  P  at  length : 


uz 


*Iy\        dq) 


_       «tB*  \        dr)  ~  dxdy  \        ds) 


►• 


df\       di 


dl\ 
) 


Now,  from  this,  since 

dU     p     dU     q 
dp'  U'    dq'  U- 


vaA  since 


dl     „ pt  -  gs     Zip     <M  _  ^  y  -ps     Slq 
c^'^IF"  IP'   d^~  ^     U'     ~W 


dq 

dx  u  dq  zr 


•ad  as  these  are  total  di£ferentiatioD8, 


dy        dy' 
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and  aagnming  Z-pX-  qY^  UN,  N  being  the  normal  foroe, 
and  since 

dr"     IP  '    £fo""  IP'    dt'     U^  ' 

we  get,  on  grouping  the  terms  according  to  the  order  of  the 
differentiations  with  r^rd  to  F, 

N^l{E-FI) 

\  \Udx     Udy)       \dx     U*        dy     U*    j 

<&•     IP   ~    dxdy  JP     d^     IP  ] 

dFi^pt-qs        Ip     „dl  +  g^dpqi 
dx\       IP    ~    U~    dx    IP         dyXP) 


dFl^r-ps 


U       dy    IP    *^dxV\ 


l+q*^F     2pq  cPF      1  +  f  d*F 
''"U^l^'  U*  dxdy*     IP    drf 

This  can  be  veiy  much  simplified  by  differentiating  these 
out,  and  the  work  will  be  comparatively  short  if  the  following 
method  be  adopted : — 

Calling  the  third  differentials  -r^,  &c.,  k,  I,  m,  n,  we  see  that 

d pt-qs     rt  -^  _  2{pt  -qs)(pr  +  qs)     pm  -  ql 
dx     IP    "     IP  U*~        '  '*  ~U*~' 

d  qr  -ps     rt-!?     2(qr  -ps){ps  +  qt)     ql  -  pm 
dy     IP     '     IP    ~  U*'  *  ~~V^- 

„  d  pt-qs      d  qr  -ps    .rt  -^     ^^      ,  1 

^^"^  -d^-jp   :  Tytp-^^-ur-'i^. ^^««  ^ -M 

the  total  curvature. 
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It  18  also  easy  to  see  that 

d\^t     A_n       2lp  .pt'-jtf. 
dx    IP    ~  dyXP        U        IP 

dy    IP    ~  dxlP"  U         IP 

and  the  second  difTerentialB,  in  the  coefEUnent  of  J^,  are  -r-  ^  -t-. 

ax      ay 

de    der  ofP^^l^\^^^zM*A2LzI! 

dx      dy  \Vdx     Udy)     dx     TP        dy     U*  ' 

Hence  the  coefficient  of  ^  is 

d  pt-gs      d  qr-pa        «— I-£        2A 
~dx     IP     ~  dy     JP~'~        U*       ~ 

Similarly  the  coefficient  ot  -^  ^  Ij'  *"^*^  ^^  d~  **  ^" 
Hence  we  get  at  once 

.,     .,«     ™      „T,        JpdF     q  dF\ 


l-^q'd'F     2pq  cPF      X-^fd^F 
"*■  "D^  da?       TP  dxdy  "*"     U^    rfv" 


\cdy        U^    df 
which  is  rather  an  elegant  expression  for  N. 
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•4. 


ON  THE  EFFECTS  OF  MAGNETIZATION  OF  THE  lEON  IN 
A  SHIP,  ON  THE  COMPASS,  WHEN  THE  SHIP  HEELS 

[From  Hermathena,  Vol.  II,  1876.] 

I  ASSUMS  that  the  magnetization  induced  in  any  direction  by 
the  Earth  is  proportional  to  the  cosine  of  the  angle  between  that 
direction  and  that  of  the  Earth's  magnetism.  Also  that  the 
moment  of  this  induced  magnetism  on  the  needle  in  any  direc- 
tion is  proportional  to  the  cosine  of  the  angle  between  these 
directions. 

I  divide  the  magnetization  of  the  ship  into  fore  and  aft 
magnetization,  beam  magnetization,  and  vertical  magnetization. 
It  is  to  be  observed  that  as  the  fore  and  aft  magnetization  is 
not  symmetrical  with  respect  to  the  compass,  it  will  have  a 
vertical  disturbing  moment,  and  the  vertical  one  will  similarly 
have  a  horizontal  moment,  and  the  coefficients  of  these,  depend- 
ing oh  the  position  of  the  compass  in  the  ship,  may  be  shown, 
as  by  Airy's  method,  to  be  the  same. 

I  will  only  consider  the  easterly  component  of  these 
disturbing  forces,  as  that  is  the  only  one  which  deflects  a 
compass  as  it  is  usually  hung. 

Suppose  now  that  K  is  the  moment  of  permanent  vertical 
magnetism  in  the  ship  on  the  needle,  and  h  is  the  angle  of  the 
ship's  heeling,  and  A  the  westerly  azimuth  of  the  ship's  head 
from  the  north.  Then,  assuming  that  the  horizontal  effect  of 
this  vertical  magnetism  has  been  already  compensated,  as  is 
usually  the  case  in '  ships,  there  only  remains  the  easterly 
component  '"•KsinhcosA  due  to  the  heeling. 


18763    a  Ship^  on  the  Compass^  when  the  Ship  heels      7 

The  fore  and  aft  magnetization  i&  unaltered  by  the  heeling. 
Callings  the  dip,  and  /the  Earth's  inductive  force,  the  fore  and 
aft  induced  magnetism  will  vary  as  /  cos  S  cos  A^  and  the  easterly 
component  of  this  on  the  needle  will  vary  as  /cosS  cos^sin^^ 
and  calling  J?' the  horizontal  Earth's  force  «  /cos  S,  and  F^/sin  S 
the  vertical  force,  and  I  the  factor  depending  on  the  ship's  8hape» 
we  get  that  the  easterly  component  due  to  this  cause  is 

-  n\l  sin  2A. 

The  beam  induced  magnetism  similarly  varies  s^  I  cob  IB 
where  IB  is  the  angle  between  the  direction  of  the  dip  and  the 
beam.  This  gives  that  it  varies  as -/(cos  S  cos  A  sin^+ sin  A  sin  S). 
Hence  the  easterly  moment  may  be  expressed  as 

m^Im  (cos  S  coah  sin  ^  +  sin  A  sinS)co8^ 
-  -  JTJm  sin  2^  cos  7f  -  Vm  einhcod  A. 

Similarly  for  the  effect  of  the  vertically  induced  magnetism 
we  get  two  sources  of  deflection :  V,  due  to  the  unsymmetrical 
position  of  this  magnetization  relatively  to  the  compass;  and 
2^,  due  to  the  heeling  of  the  ship  making  this,  which  is  vertical 
to  the  ship's  deck,  have  an  easterly  component.  Let  the  moment 
of  the  first  be  n,  and  of  the  second  r;  then  we  get  that  the 
easterly  component  due  to  the  first  source  is 

Fn  cos  A  sin  -4  -  nH  sin  h  sin'^, 

and  due  to  the  second  source  is 

Vr  sin  A  cos  A  cos  -4  -  Rj^  sin'A  sin  2 A. 

Besides   these,  the  vertical  component  of  the  fore  and  aft 
magnetism  will  have  the  component  due  to  heeling 

Hn  sin  h  cosM. 

Its  moment  is  n,  as  well  as  the  first  of  the  vertical  com- 
ponents, as  I  have  already  remarked. 
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Adding  up  all  these  easterly  components  we  get 

F«  H\l  sin  2^  -  H\m  cob  A  sin  2^  +  Fn  cos  A  sin^ 

-  sin  A{£*cos^  +  Fm  cos^  +  J?'|r  sin  A  sin  2^ 

-Bncos2-4-  FrcosAcos^}. 

Ordering  these  according  to  the  powers  of  sin  A  or  sin  ^A, 
and  putting  in  ^  (Z  -  m)  -  j?,    m-^r^s^   we  get 

y- -Hjp  sin 2-4  +  Fn  8in-4 
+  sin  A  \Hn  cos  2A  -{K'¥  Vs)  cos  ^} 

-  sin'^A  ((r  cos  A -8)  iT  sin  2.4  +  2Fr  sinAcos.^ 

+  2Fnsin.4). 

Expanding  to  the  first  power  of  A,  this  gives  the  same  result 
as  Airy  gets  by  his  cumbrous  process. 

The  principal  value  of  these  investigations  is,  of  course,  to  get 
the  form  of  the  functions,  as  pi*actically  the  constants  have  to 
be  determined  empirically  in  each  particular  ship. 
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ON  THE  ROTATION  OF  THE  PLANE  OF  POLARIZATION 
OP  LIGHT  BY  REFLECTION  FROM  THE  POLE  OP 
A  UAGNET 

[From  tlie  Fneeedingt  of  the  Jioyal  Society ^  No.  176,  1876. 

See  N08.  7,  8  infrm,'] 

At  a  meeting  of  the  Dublin  Scientific  Club  on  Monday  the 
6th  November,  Professor  Barrett  gave  the  Club  an  account  of 
Mr.  Kerr's  experiments  on  the  rotation  of  the  plane  of  polariza- 
tion of  a  ray  of  light  when  reflected  from  the  surfetce  of  the  end 
of  a  magnet,  to  which  additional  interest  was  attached  by  the 
reading  of  a  letter  from  Mr.  Kerr  to  Professor  Barrett  giving 
an  account  of  the  mode  of  making  and  of  the  last  results  of 
his  experiments.  At  the  time  I  proposed  trying  whether  any 
similar  effects  would  be  produced  by  reflection  from  the  surfaoe 
of  a  crystal  of  quartz  cut  perpendicularly  to  the  axis,  as  I  was 
led  to  think  there  might  be,  owing  to  the  similarity  of  the 
rotatory  polarization  of  quartz  and  of  substances  under  magnetic 
action.  Following  out  that  clue,  I  obtained  the  following 
explanation  of  Mr.  Kerr's  experiment,  and  was  enabled,  through 
Professor  Barrett's  kindness  in  lielping  me  to  verify  my  recol- 
lections of  Mr.  Kerr's  letter,  to  make  sure  that  my  theoiy 
explains  the  facts. 

Faraday  has  shown,  in  the  nineteenth  series  of  his  experi- 
mental researches,  that  a  ray  of  plane-polarized  light,  when 
transmitted  through  any  solid  (diamagnetic  ?)  transparent 
medium  under  the  action  of  a  powerful  magnet,  has  the  plane 
of  its  polarization  rotated  in  that  direction  in  which  a  positive 
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current  must  circulate  round  the  ray  in  order  to  produce  a 
magnetic  force  in  the  same  direction  as  that  which  actually 
exists  in  the  medium.  Verdet,  however,  discovered  that  in 
certain  ferro-magnttic  media  (as,  for  instance,  a  strong  solution 
of  perchloride  of  iron  in  wood-spirit  or  ether)  the  rotation  is  in 
the  opposite  direction  to  the  current  which  would  produce  the 
magnetic  force. 

Now  Fresnel's  explanation  of  the  rotator}"  power  of  quartz 
has  been  applied  by  Professor  Maxwell,  in  his  '*  Electricity  and 
Magnetism,"  vol.  ii,  p.  402,  to  explain  the  similar,  though  not 
identical,  phenomenon  of  magnetic  rotation  of  light.  He  there» 
in  §  812,  gives  this  explanation  in  the  following  words : — ^" A 
plane-polarized  ray  falls  on  the  medium.  This  is  equivalent  to 
two  circularly  polarized  rays,  one  right-  and  the  other  left- 
handed  (as  regards  the  observer).  After  passing  through  the 
medium  the  ray  is  stiU  plane-polarized,  but  the  plane  of  its 
polarization  is  turned,  say,  to  the  right  (as  regards  the  observer). 
Hence  of  the  two  circularly  polarized  rays,  that  which  is  right- 
handed  must  have  had  its  phase  accelerated  with  respect  to  the 
other  during  its  passage  through  the  medium.  In  other  words, 
the  right-handed  ray  has  performed  a  greater  number  of  vibra- 
tions, and  therefore  has  a  smaller  wave-length  within  the 
medium  than  the  left-handed  ray  which  has  the  same  periodic 
time."  This  is  the  same  as  sapng  that  the  velocity  of  the  right- 
handed  ray  is  less  within  the  medium  than  the  left-handed,  or 
that  the  refractive  index  for  right-handed  rays  is  greater  than 
for  left-handed  in  a  medium  that  rotates  light  to  the  right. 
Hence,  from  what  Verdet  has  shown,  it  appears  that,  in  a  ferro- 
magnetic substance, /or  a  ray  of  light  travelling  from  the  sotUh  to 
the  north  pole,  the  magnetic  action  is  such  as  to  make  the  refractive 
index  for  right-handed  drcvlarly  polarized  rays  less  than  for  left^ 
handed  ones ;  for  in  this  case  the  plane  of  polarization  is  turned 
to  the  left,  for  it  is  a  right-handed  current  that  would  produce 
the  magnetic  force. 

By  applying  this  to  the  case  of  light  reflected  from  the  south 
pole  of  a  magnet,  we  get  what  I  believe  to  be  the  true  explana- 
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tioii  of  Mr.  Kerr's  interesting  experiment  In  like  manner  as 
in  the  case  of  a  transmitted  ray,  I  consider  the  incident  plane- 
polarized  ray  to  be  the  resultant  of  two  circularly  polarized 
ones,  one  right-  and  the  other  left-handed.  Now  for  the  right- 
handed  one,  the  refractive  index  at  the  surface  of  the  south 
pole  of  the  magnet,  being  a  ferro-magnetic  substance,  is  less 
than  for  the  left-handed  ray.  Hence  if  each  of  the  two 
circularly  polarized  rays  be  supposed  to  be  the  resultant  of  two 
plane-polarized  rays,  one  polarized  in  the  plane  of  incidence 
and  the  other  at  right  angles  to  it,  the  intensities  of  these  four 
rays  being  equal,  it  is  e\ident  that  the  intensities  of  the  pair 
of  reflected  rays  corresponding  to  the  left-handed  ray  will  be 
greater  than  the  corresponding  intensities  of  those  due  to  the 
right-handed  ray.  Hence  the  two  rays  which  were  polarized 
pexpendicularly  to  the  plane  of  incidence,  and  which  originally 
destroyed  one  another,  %vill,  after  reflection,  have  a  component 
in  the  direction  of  the  vibration  of  the  left-handed  ray  after 
reflection.  Now,  on  account  of  the  change  of  direction  of  the 
ray  on  reflection,  this  latter  is  towards  the  right  This  is  com- 
pletely explained  in  M.  Jamin's  "  Cours  de  Physique,"  vol.  iii, 
part  2,  p.  674,  where  he  shows  that  a  ray  the  azimuth  of  whose 
plane  of  polarization  was  originally  towards  the  right  is  by 
reflection  turned  towards  the  left  Hence  the  result  of  reflec- 
tion is  to  furnish  two  rays,  one  polarized  in  the  plane  of 
incidence,  and  the  other  at  riglit  angles  to  it  The  phases  of 
these  rays  will,  in  general,  be  different ;  for  they  diftered  by  90® 
before  reflection,  and  except  at  the  polarizing  angle  for  iron,  this 
difference  of  phase  would  not  be  completely  destroyed,  so  that 
the  resultant  would  generally  be  an  elliptically  polarized  ray 
the  direction  of  whose  major  axis  would  make  a  small  angle 
towards  the  right  with  the  plane  of  incidence ;  and  at  the 
polarizing  angle  for  iron  this  ellipse  would  become  a  plane- 
polarized  ray  whose  plane  of  polarization  was  turned  towards 
the  right,  which  I  understand  to  be  the  direction  in  which 
Mr.  Kerr  observed  it  to  be  turned — although  from  some 
ambiguity  as  to  the  meaning  of  right  and  left  rotations  in  a  ray» 
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arising  from  not  specifying  whether  it  is  relative  to  the  direction 
in  which  the  ray  is  going  or  in  which  it  is  oheerved,  I  am  not 
quite  sure  whether  I  understand  Mr.  Kerr  correctly.  Also  from 
the  fact  that  there  are  exceptions*  to  the  rule  that  rotations 
are  positive  for  diamagnetic  and  negative  for  ferro-magnetic 
substances,  neutral  chromate  of  potash  being  diamagnetio  yet 
producing  a  negative  rotation,  I  should  be  rather  inclined  to 
deduce  the  direction  of  the  rotation  that  would  be  produced,  if 
iron  were  transparent,  from  Mr.  Kerr's  experiment. 

It  would  be  quite  easy  to  deduce  the  difference  of  the 
refractive  indices  of  iron  for  the  two  circularly  polarized  rays  if 
we  knew  the  amount  by  which  the  plane  of  polarization  is 
turned ;  but  it  would  be  necessary  to  employf  MacCullagh*s  or 
Cauchy's  formulce  for  the  intensities  of  the  reflected  rays ;  and 
these  ai'e  so  complicated  that  it  is  hardly  worth  while  going 
through  the  calculations,  as  the  effect  Mr.  Kerr  has  observed 
seems  only  barely  observable. 

Similar  effects  must,  of  course,  occur  in  the  cases  of  diamag- 
netic substances,  organic  solutions,  and  quartz ;  but  the  amounts 
in  these  cases  would  be  entirely  beyond  the  range  of  observation 
of  our  present  instruments;  for  in  quartz,  for  instance,  the  dif- 
ference of  the  refractive  indices  of  the  two  circularly  polarized 
rays  is  only  000008. 

ObSKRVATIOKS   confirmatory   of  the  FOREGODfG  EXPLANATION. 

[Beceitkd  Notbmbbr  23,  1876.] 

Since  sending  my  explanation  of  jl^Ir.  Kerr's  experiment  I 
have  made  some  experiments  in  confirmation  of  it.  The  instru- 
ments, with  the  exception  of  the  electro-magnet  which  was  kindly 
lent  to  me  by  Mr.  Yeates,  are  the  property  of  Trinity  College, 
Dublin,  and  were  placed  at  my  disposal  by  Professor  LesUa 

The  electro-magnet  I  used  is  of  the  horseshoe  pattern,  with 
movable  soft  iron  armatures,  a  face  of  one  of  these  being  weU 

*  Unlets,  indeed,  these  are  due  to  the  nature  of  the  solTent. 
t  [The  waTes  of  permanent  tjpe  wiU  be  circularlj  polariied,  and  a  new  theory 
appropriate  to  them  must  be  elaborated,  as  is  done  in  Kos.  7,  8  tM/rw.] 
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polished.  The  magnet  was  placed  vertically,  and  the  armatures 
were  arranged  on  the  poles  so  that  the  polished  face  was  vertical^ 
and  a  vertical  edge  of  the  other  armature  parallel  and  veiy  close 
to  this  face.  A  folded  piece  of  paper  was  inserted  at  the  top 
between  the  edge  and  the  face  to  prevent  their  being  drawn 
together  when  the  magnet  was  set  in  action.  Two  Nicol's 
prisms  were  so  placed  that  a  horizontal  beam  of  light  traversing 
one  of  them  was  reflected  down  the  other  by  the  polished  face 
from  that  part  of  its  surface  which*was  opposite  the  edge. 

A  beam  of  simlight  was  now  transmitted  through  the 
apparatus  and  observed  on  emerging  from  the  second  NicoL 
The  following  results  were  thus  obtained : — ^WTien  the  light  was 
polarized  by  the  first  Nicol,  either  in  or  perpendicularly  to  the 
plane  of  incidence,  and  when  it  had  been  extinguished  by  the 
analyzer,  as  soon  as  the  electro-magnet  was  set  in  action  the 
light  immediately  reappeared.  On  now  slightly  moving  the 
analyzer  the  light  could  be  partly  extinguished ;  but  no  motion 
of  the  analyzer  could  make  the  field  as  black  as  it  had  been 
before  the  mt^etism  was  excited,  thus  conclusively  proving 
that  what  was  produced  was  an  elliptically  polarized  ray,  as  I 
had  anticipated.  When  the  light  was  reflected  from  a  south 
pole  the  plane  of  polarization  was  rotated  to  the  right  of  the 
observer,  which  is  the  direction  of  rotation  assxmied  in  my 
explanation. 

I  next  covered  a  portion  of  the  polished  face  with  gold  leaf, 
as  Professor  Barrett  had  suggested ;  and  now  the  light  reflected 
from  this  diamagnetic  substance  was  imaffected  by  the  magnet- 
ism, as  I  had  also  anticipated.  I  exhibited  all  these  effects  to 
Mr.  Stoney,  who  entirely  confirmed  my  obser\'ations. 


[Recbited  Novembek  26,  1876.] 

The  angle  of  incidence  in  the  experiments  described  above 
was  about  60^  If  the  incidence  were  either  perpendicular  or 
grazing,  the  theory  which  I  have  proposed  would  lead  to  the 
conclusion  that  the  angle  between  the  major  axis  of  elliptic 
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polarization  and  the  original  plane  of  polarization  would  vanish. 
If,  accordingly,  the  observation  can  be  made  at  a  perpendicular 
incidence,  and  if  the  Nicol's  prisms  be  so  placed  as  to  extinguish 
the  light  before  magnetizing  the  iron,  then,  on  exciting  it,  light 
ought  to  appear,  as  it  does  at  oblique  instances;  but  the  field 
should  not  become  darker  on  moving  the  analyzer. 

I  attribute  great  weight  to  the  verification  of  my  theory 
arising  from  the  fact  that  the  polarization  of  the  reflected  ray  is 
found  by  experiment  to  be  in  general  elliptic,  and  also  from  the 
fact  that  there  is  no  appreciable  effect  when  gold,  a  diamagnetic 
substance  and  therefore  feeble,  is  substituted  for  iron. 

Since  commmiicating  my  paper,  I  leaiii,  through  Professor 
Stokes,  that  when  Mr.  Kerr's  paper  was  read  before  Section  A  of 
the  British  Association,  both  he  and  Sir  W.  Thomson  spoke  of 
the  possibility  of  connecting  Mr.  Kerr's  insult  with  a  powerful 
double  refraction  of  the  same  kind  as  the  feeble  double  re- 
fraction shown  by  transparent  substances  under  the  influence 
of  magnetism.  It  is  a  connexion  of  this  kind  which  I  have 
endeavoured  to  demonstrate. 
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SUGGESTIONS  POR  AN  EXPERIMENT  TO  DEMONSTRATE 
THE  POLARIZED  STATE  OF  THE  GAS  IN  CROOKES'S 
LATER 

[From  the  SeieHti/e  Ptoceedings  of  the  Eoyal  DoLlin  Society. 
Bead  Jantiaiy  21,  1878.    See  No.  11  tn/ra.] 

I  DESIRE  to  apologise  to  the  Society  for  biinging  before  them 
only  a  proposed  instead  of  a  performed  experiment,  but  my 
excuse  is  that  it  will  probably  be  some  time  before  I  am  able 
to  perform  the  experiment  myself,  and  as  I  desire  to  get  credit 
for  having  at  least  proposed  it,  I  take  this  opportunity  of 
publishing  it,  and  of  giving  my  reasons  for  supposing  it  likely 
to  be  successful,  by  showing  that  the  quantities  involved  are 
quite  within  the  reach  of  our  present  methods  of  observing 
them. 

I  would  first  notice  that,  according  to  both  Clausius'  and 
Maxwell's  theories  of  the  conduction  of  heat  in  gases,  the 
existence  of  a  force  like  Crookes*s*  depends  essentially  upon  the 
distribution  of  the  velocities  among  the  molecules,  it  being  easily 
seen  from  either  of  their  investigations  (as  is  also  eWdent  from 
many  other  obvious  considerations)  that  it  is  quite  possible  to 
imagine  such  a  distribution  of  velocities  among  the  molecules  as 
that,  though  heat  be  propagated  through  the  medium,  yet  the 
pressure  in  all  directions  shall  be  the  same.  Hence,  any  inde- 
pendent method  of  demonstrating  a  polarized  state  of  the  gas  is 
of  considerable  importance ;  and  the  experiment  I  am  about  to 
propose  is  for  the  purpose  of  doing  so. 

\*  ThiB  means  the  force  by  which  the  layer  or  cushion  of  vapour  sustains  a 
4n>p  in  the  spheroidal  state.] 


1 6  An  Experiment  to  Demonstrate  the         [1878 

When  any  homogeneous  transparent  substance  is  in  a  state 
of  stress,  its  refractive  index  for  light  polarized  in  certain 
planes  is  different  from  that  for  light  polarized  in  other  planes» 
and  consequently  a  ray  of  plane  polarized  light,  when  passed 
through  such  a  medium  in  certain  directions,  emerges  elliptically 
polarized    If  the  gas  in  a  Crookes's  Layer  be  in  the  state  of 
stress  that  theory  indicates,  it  ought  to  behave  similarly,  and  a 
plane  polarized  beam  when  transmitted  along  it  should  emeige 
elliptically  polarized.    Now,  the  amount  of  elliptic  polarization, 
we  may  expect,  can  be  calculated  in  the  following  manner : — ^I 
have  estimated  by  a  series  of  unfortunately  rather  rough  experi- 
ments that  when  a  red-hot  ball  is  plimged  into  cold  water  to  a 
depth  of  half  a  centimetre,  the  thickness  of  the  Crookes's  Layer 
formed  is  about  a  quarter  of  a  millimetre.     This  is,  of  course^ 
only  a  rough  approximation,  but  it  will  give  us  results  which 
determine  with  what  order  of  quantity  we  are  dealing.    Hence 
the  excess  of  pressure  in  the  vertical  over  that  in  the  horizontal 
direction  that  I  measured  was  half  a  gramme  per  sq.  centimetre, 
which  is  about  the  '0005  of  the  atmospheric  pressure.    Now,  I 
will  moke  an  assumption  wliich  is,  however,  only  partially  true, 
but  as  one  object  of  the  experiment  is  to  detennine  to  what 
extent  it  is  so  it  is  legitimate  pro\isionally,  and  it  is  that  we 
may  treat  the  strain  in  the  gas  as  due  entirely  to  a  difference  of 
density  in  dififerent  directions.     That  we  may  do  so,  to  some 
extent  at  least,  is  manifest,  for,  according  to  theorj',  the  number 
of  molecules  moN^ng  in  the  direction  of  the  strain  is  gi*eater  than 
the  number  moWng  in  other  directions.    To  what  extent  this  is 
true  could  only  be  determined  either  by  elaborate  theoretical 
investigations  into  the  state  of  the  gas  or  else  by  experiments 
such  as  I  am  proposing.    Assuming  then  the  strain  to  be  wholly 
due  to  a  difference  of  density  we  can  proceed  as  follows : — ^The 
law  connecting  the  refractive  indices  of  a  gas  at  different 

densities  is  ^  ,     «  ^  .,   ,  so  that  in  air  when  a  =  1*0002940, 

d  d  ^/ 

and  in  the  case  we  are  considering  where  -r  =  1*0005,  we  have 

°  d 

fi  -  10002941.    As  there  are  100,000  vibrations  of  light  per 
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five  centimetres  in  vacuo,  there  will  be  10002940  when  the 
density  is  ai>  and  100029*41  when  it  is  yL,  and  consequently  a 
difference  of  phase  of  Ol  of  a  wave-length  will  be  introduced 
per  five  centimetres,  or  a  twentieth  of  a  wave-length  in  25  cen- 
timetres. Now,  as  the  intensity  of  light  in  the  analyzer  depends 
upon  the  square  of  the  sine  of  the  difference  of  phase,  this  will 
give  the  intensity  as  the  square  of  the  sine  of  9^,  which  is  '02  or 
-^th.  Hence  I  conclude  that  if  a  ray  of  plane  polarized  light 
be  transmitted  through  25  centimetres  of  a  Crookes's  Layer 
between  two  surfaces,  one  of  which  is  red-hot,  and  the  other 
below  the  temperature  of  boiling  water,  and  with  an  interval 
between  them  of  a  quarter  of  a  millimetre,  then  one-fiftieth  of 
the  light  will  be  restored  in  an  analyzer  which  was  so  turned  as 
to  extinguish  the  beam  before  transmission  between  the  plates. 
Such  an  effect  could  be  easily  observed,  but  as  it  is  very  unlikely 
that  the  whole  of  the  strain  in  a  Crookes's  Layer  is  due  to  a 
difference  of  density  of  the  gas  in  different  directions,  it  is  very 
unlikely  that  so  great  an  effect  would  be  produced.  One  object, 
however,  in  trying  the  experiment  would  be  to  determine  to 
what  extent  the  strain  is  due  to  a  difference  of  densities. 
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ON  THE  MECHANICAL  THEORY  OF  CROOKES'S  FORCE 

[From  the  SeienHfic  Tramaetuma  of  the  Rojal  Duhlin  Sooietj,  1878. 

Read  March  18,  1878.] 

Whsn  two  surfaces  at  different  temperatures  are  in  presence 
of  one  another  with  a  gas  between  them,  there  exists  a  force 
tending  to  separate  them.  The  assumption  of  this  force  explains 
a  very  great  number  of  phenomena,  inchiding  the  motion  of  the 
arms  of  Mr.  Crookes's  radiometers  and  the  so-called  spheroidal 
state  of  liquids.  That  this  force  was  due  to  some  sort  of  un- 
equal stress  in  the  gas  between  the  two  surfaces  was  pointed 
out  by  Mr.  Stoney,  in  the  Phil.  Mag.,  March  and  April,  1876, 
where  he  attempted  to  show  that  such  a  state  of  stress  would 
arise.  An  attempt  to  explain  the  motion  of  the  arms  of  a  radio- 
meter had  been  made  previously  by  Professor  0.  Reynolds,*  but 
his  conclusion,  that  it  was  principally  due  to  evaporation  and 
condensation,  is  manifestly  inadequate  to  explain  a  continuous 
action,  such  as  that  in  a  radiometer ;  and  the  method  by  which 
he  tried  to  show  that  a  surface  when  communicating  heat  to  gas 
is  subject  to  an  increased  pressure,  is  open  to  the  overwhelming 
objection,  that  this  increased  pressure  would  be  almost  instan- 
taneously transmitted  to  all  parts  of  the  enclosed  gas,  and  so 
could  not  possibly  be  the  source  of  such  a  force  as  would  explain 
the  motion  of  the  arms  of  a  radiometer. 

In  amplification  of  a  letter  I  wrote  to  Nature  on  the  17th 
of  December,  1877,  and  which  was  published  on  the  4th  of 
January,  1878,  I  now  intend  to  prove  that  such  a  state  of  stress 

[*  See,  however,  Introduction.] 
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as  Mr.  Stoney's  theory  requires,  would  exist  under  the  assumed 
conditions.  My  letter  contains  a  proposed  application  of 
Clausius'  investigation  for  finding  the  conducting  power  of  a 
gas,  as  published  in  the  PhiL  Mag.,  voL  23,  4th  Ser.  Mr.  Stoney, 
in  a  paper  read  before  the  Eoyal  Dublin  Society,  on  Monday, 
the  18th  of  February,  1878,  has  obtained  results  somewhat  like 
those  obtained  by  my  method,  by  appl}4ng  a  method  similar  to 
one  he  originally  employed. 

I  may  first  observe,  that  the  only  way  in  which  a  state  of 
other  than  uniform  stress  can  exist  in  a  gas,  is  by  the  distribution 
of  the  mean  velocities  and  number  of  molecules  being  difiTerent 
in  different  directions,  or,  as  Mr.  Stoney  has  called  it,  by  the  gas 
being  polarized.  That  the  distribution  is  not  uniform  when 
heat  is  being  conducted  through  a  gas,  has  been  pointed  out  long 
ago  by  both  Clausius  and  Maxwell,  and  what  is  required  is  to 
show  that  the  distribution  will  then  be  such  as  to  develop  a 
force  like  Crookes's. 

Following  the  method  adopted  by  Clausius  in  his  Paper 
aheady  referred  to,  I  assume  that  the  mean  velocity  of  a  mole- 
cule is  a  function  of  its  direction  of  motion,  and  that  the  number 
of  molecules  in  the  unit  volume,  moving  in  a  given  direction, 
is  also  a  function  of  that  direction.  If,  then,  we  define  the 
direction  by  means  of  /u,  the  cosine  of  the  angle  it  makes  with 
a  given  direction,  and  ^,  the  angle  the  plane  of  these  two  direc- 
tions make  with  a  fixed  plane  through  the  given  direction,  we 
may  evidently  assume, 

where  v  and  n  are  the  mean  velocity  and  number  of  mole- 
cules moving  in  this  direction,  and  v^  and  n,  are  certain  given 

values  of  v  and  n  when  /  and  F  are  unity.     Now  we  may 

N 
evidently  in  addition  take  ^0 ""  t~  rf/i^^  where  N  is  the  total 

number  of  molecules  per  unit  volume,  so  that  we  have  generally 

N 

The  quantities  I  intend  to  calculate  are,  the  number  of 

02 
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molecules  carried  through  the  unit  area  in  any  direction,  the 
total  momentum  carried  through  the  same,  and  the  quantity  of 
energy  carried  through  it.  The  number  of  molecules  going  in 
(me  direction  through  the  unit  area  must  evidently  be  equal  to 
Uiat  of  those  going  in  the  opposite  direction,  if  there  are  no 
gaseous  currents  going  on ;  and,  even  if  present,  their  existence 
is  evidently  beside  the  question  in  hand.  Hence,  if  we  sum 
the  number  of  molecules  passing  the  unit  area,  taking  those 
that  go  in  opposite  direction  through  it  with  opposite  signs, 
the  sum  must  vanish.  I  shall  calculate  the  numbers  in  three 
cases  of  unit  areas ;  1st,  perpendicidar  to  the  line  from  which  yi  is 
measured,  or  X;  2nd,  parallel  to  the  plane  from  which  ^  is 
measured,  L  e.  perp.  to  Y ;  and  3rd,  for  the  case  of  a  unit  area 
perpendicular  to  these  two,  i.e,  perp.  to  Z.  The  number  of 
molecules  going  in  the  direction  (fi,  if>),  that  pass  through  the 
first  of  these  per  unit  of  time,  is  evidently  »  nv/ji;  and  it  is 
likewise  evident  that  the  number  going  in  the  opposite  direction 
will  have  an  opposite  sign,  so  that  we  have  the  sum  of  all  such 
zero.    Similarly  for  the  other  two  planes  the  numbers  are 

nvjl  -  fx*  sin  ^  and  nvjl  -  /u*  cos  ^. 
So  that  we  get 

0  «  2nt?/i  =  27117  Jl  -  /I*  sin  ^  «  ^nvjl  -  /lc*  cos  ^. 

The  momentum  carried  through  the  first  of  these  unit  areas 
per  unit  of  time,  by  molecules  moving  in  the  direction  fA,fi& 
m  MntT*/!*  if  M  be  the  mass  of  each  molecule ;  and  as  it  does  not 
change  sign  with  /u,  we  see  that  the  sum  of  all  such  will  repre- 
sent the  normal  pressure  per  unit  area,  at  the  given  place.  We 
can  similarly  get  the  normal  pressuies  on  the  other  two  unit 
areas,  and  calling  them  P^x,  Pyy,  and  P.-,  we  obtain 

P.,  -  Ul.nv'fi*, 

P^  «  M2ni;*(l  -  /u')  sin'^, 

Pa  -  MSnt;»(l  -  /i')  cos'^. 
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Prooeeding  similarly  we  can  get  the  tangential  pressnies  on 
these  areas,  and  we  easily  see  that  they  are 

Pir«  -  P»f  -  M2ni;*(l  -  fi^)  sin  ^  cos^, 

P^«  Py, «  M2ni^fijl  -  /i*  sin  f . 

If  now  we  proceed  to  calculate  the  energies  carried  across 
these  areas  per  unit  time,  wo  get  kn'l^^  as  that  carried  across 
the  1st  area  by  molecules  moving  in  the  direction  fi,  ^,  where  k 
is  the  coefficient  by  which  the  energy  of  translation  must  be 
multiplied  in  order  to  obtain  the  total  energy;  calling  the 
quantities  of  energy  Qx,  Q,,  and  Q«,  we  thus  get 

Q,  «  W:l,niffjL,        Qy  -  MiSnt;*  Jl  -  fi*  sin  f , 

Qg  »  WcSnv^Jl  -  /ii*  cos  ^. 

In  order  to  be  able  to  perform  these  summations,  it  is  neces- 
sary to  know  the  mean  values  of  nv,  nt^,  and  nr*  in  terms  of 
/u  and  ^,  and  I  shall,  in  the  first  place,  merely  assume  that  they 
can  be  expanded  in  a  series  of  spherical  harmonies,  thus : 

nv  «  J-?  (Ao  +  Ai  +  Aj  + )  d/id^, 

v«« 

nt;'-'^  (B.  +  B|  +  B,+ )  ^M^. 

^-^(Co  +  Ci+a+ )dnd^, 

4ir 

The  effect  of  this  is  to  obtain  our  former  results  under  the 
following  simplified  foitns.  Our  first  scries  of  equations  gives 
Ai  «  0,  and  as  Ai  must  be  of  the  form 

Ai  -  Uin  +  fltJl-M*  sin  f  +  a,  Jl  -  m»  coe^, 
we  get  at  -  a,  «  Of  -  0. 
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The  aecond  system  of  equations  gives 

P»  -  ^^'  //(B.  +  Bt)(l  -  ^»)  C08>  di,d^, 

MNv* 

P-  -  P«-^^^JB,mJ1^co3#^M^#. 

P«y  -  Py,---j~//B,/iijrr"/7sin#£i/tirff 

If  now  we  assume 
B,  -  6iOi'- J)  +  Jt(l-Ai')cos2#  +  ij (1  - fi')  sin ^  cos^ 

+  ii/u  Jl  -  fi*  cos  ^  +  bsfijl  -  /I*  sin  ^, 

as  it  must  be  of  this  form,  we  get  on  putting  our  other  quanti* 
ties  into  the  forms  of  spherical  harmonics 


p..  =  1mn..»(b.-Aj..|6.) 

P,,  =  ^MNV6,  =  P., 
P„-  iMNVJ4-P„ 
P.,  -  i  MNV  ^  =  P,x- 
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Similarly  for  the  quantities  of  energy  transferred  we  get 

Qa   -        .    ^"  /-'/J  C|  Jl  -/LC»  COS  ^  d/lrf^, 

SO  that  if  we  assume,  as  we  evidently  may, 

Ci  «  C|/u  +  (Jl  Jl  -  /ii*  sin  ^  +  Cjjl-/!*  cos  ^, 


we  get 


|MNVr.,      Q,-| 


Q.  -  ^  MNVr,,     Q,  -  o  MNt?o»c„ 


Q.  -  I  MNr„«r,. 

Even  in  this  most  general  form  we  can  see  that  there  will,  in 
general,  be  a  difference  of  pressure  in  different  directions.  For 
it  is  evident  that  the  pressures  in  the  three  directions  cannot  be 
equal  unless  &,  and  &>  both  vanish,  which  will  not,  in  general,  be 
the  case.  Without  a  knowledge  of  the  nature  of  the  distribution 
of  the  velocities  and  numbers  of  niclecules  moving  in  the  dif- 
ferent directions,  it  would  be  impossible  to  calculate  the  values 
of  &i,  &s,  is,  &«,  and  &s;  but  I  think  we  can  see  that  they  will  in  part 
at  least  vary  as  the  square  of  the  quantity  of  heat  passing.  This 
can  be  seen  from  the  following  considerations.  No  matter  what 
the  distribution  of  the  velocities  and  number  of  molecules  moving 
in  the  different  directions  may  be,  it  is  plain  that  terms  occur- 
ring in  the  coefficients  of  Jl  -  /lc'  sin  ^  and  Jl  -  /lc*  cos  ^,  i,t,  in 
the  spherical  harmonics  of  the  1st  order  in  u  and  t;,  will  occur  in 
the  terms  of  the  same  order  in  ni;,  nn?^  and  n^'',  and  that  Unearly, 
while  these  same  terms  will  occur  squared  in  the  spherical 
harmonics  of  the  2nd  order  in  nv,  ni^,  and  nt^.  Hence  we  see 
that  terms  occurring  linearly  in  the  spherical  harmonics  of  the 
1st  order  in  m;*  will  occur  as  squares  in  the  spherical  harmonic 
of  the  2nd  order  in  nv\  so  that  ii,  bz  will  contain  Cj,  Cs,  and  Ci  in 
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the  second  degree,  i  e.  will  contain  terms  varying  as  the  squares 
of  the  quantities  of  heat  passing.  It  is  also  to  be  observed  Uiat 
terms  occurring  in  the  spherical  harmonics  of  the  second  order 
can  never  come  into  those  of  the  first,  except  as  products  with 
terms  belonging  to  spherical  harmonics  of  the  third  order,  so  that 
a  hypothetical  distribution  which  gave  correct  values  for  the 
quantities  of  heat  passing  might  very  well  be  quite  inadequate 
as  a  means  of  calculating  the  difference  of  pressure  in  different 
directions.  This  remark  is  of  importance  when  we  come  to 
consider  the  results  of  Clausius'  hjrpothesis,  and  was  suggested 
to  me  by  Mr.  Stoney  in  conversation. 

As  an  example  of  what  I  am  insisting  upon,  we  may  take 
two  opposite  extreme  cases.  First,  the  case  of  Ba  vanishing, 
and  secondly  the  case  of  Ci  doing  so.  In  the  first  case  there 
would  be  a  distribution  of  velocities  and  numbers  such  that, 
though  heat  would  be  conducted  across  the  layer,  nevertheless 
there  would  be  no  resultant  inequality  of  stress,  while  in  the 
second  case,  though  no  heat  would  be  conducted,  yet  there 
would  be  inequality  of  stresses.  It  seems,  however,  certain 
that  neither  of  these  extreme  cases  can  exist  as  a  permanent 
distribution  in  gases.  Before  calculating  the  values  of  these 
quantities  upon  particular  hypothetical  distributions,  it  may 
be  well  to  see  what  they  are  in  the  simple  case  of  two  parallel 
planes  each  at  a  uniform  temperature. 

In  this  case  it  is  evident  from  s)Tnmetry  that  if  we  take  X 

normal  to  the  planes  we  must  have  all  our  equations  independent 

of  ^,  as  the  etTect  is  evidently  symmetrical  with  regard  to  X. 

Then  we  get 

Jj  =  6j  «  64  "  6»  •  0  «■  Ct  «  Ci, 

and  there  are  no  tangential  forces,  while  all  the  heat  is  trans- 
ferred in  the  direction  X,  and  our  pressures  become 
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^hile  the  heat  transferred  is 

TThe  excess  of  pressure  in  X  over  that  in  the  normal  directions  is 

«uid  this  has  heen  called  Crookes's  force. 

That  it  depends  whoUy  upon  ti  can  be  seen  by  the  following 
ample  method  mentioned  to  me  by  Mr.  Stoney. 

Our  expressions  for  P^  and  Pyy  are 

P«  -  M2nr*/i*,    Pyy  «  llXnv'  (1  -  ju*)  sinV ; 
80  that  calling 

where  I  depends  upon  the  distribution  of  numbers  only,  we  can 
Vrrite  the  pressures 

MN  MN 

P«  -  4;;:  //  l^fi'dfid^p,    Vyy  =  ^  /J  I^?'(l  -  m')  sin Vm^ 

We  can  integrate  them  with  respect  to  ^,  for  we  know  that 
It;'  is  independent  of  ^  in  the  case  we  are  considering ; 

.••  P«  «  ^-iSS IWp^dpL,      Vyy  =  iMN JIt^(l  -  ti')dpL ; 

So  that  if  I«^  be  expanded  in  spherical  harmonics,  K  depends 
only  upon  the  spherical  harmonic  of  the  second  order.  Similarly 
if  Ii?»  be  similarly  expanded,  it  is  easy  to  see  that 

can  only  depend  upon  the  spherical  hannonic  of  the  first  order 
in  W. 

If  now  we  turn  to  particular  hj'potheses  as  to  the  character 
of  the  distribution  of  velocities  and  numbers,  the  first  that 
claims  our  attention  is  Clausius'.    He  starts  from  the  assumption 
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that  the  distribution  of  velocities  among  the  molecules  that 
have  just  encountered  one  another  in  any  given  layer,  may  be 
perfectly  represented  by  supposing  a  small  constant  velocity  in 
the  direction  of  the  transference  of  heat  to  be  superposed  upon 
a  uniform  distribution.  This  is  the  same  as  supposing  that 
these  velocities  in  various  directions  may  be  represented  by  the 
radii  drawn  to  the  surface  of  a  sphere  from  a  point  slightly 
displaced  from  its  centre.  It  is  worthy  of  remark,  in  connexion 
with  what  I  mentioned  before  with  reference  to  the  way  the 
quantities  in  the  various  spherical  harmonics  are  related  to 
one  another,  that  supposing  the  sphere  to  be  an  ellipsoid  of  even 
great  ellipticity  would  not  have  affected  his  results,  for  it  is  easy 
to  show  that  the  ellipticity  of  an  ellipsoid  of  revolution  only  en- 
ters into  the  spherical  harmonics  of  the  second  and  higher  orders^ 
so  that  it  would  not  enter  into  the  equation  gi>'ing  the  quantity 
of  heat  except  when  multiplied  by  terms  of  at  least  the  order  of 
the  quantity  of  heat.  Thus  even  though  the  square  of  the 
ellipticity  were  of  the  order  of  the  displacement  from  the  centre 
of  the  point  from  which  the  radii  representing  the  velocities  are 
drawn,  nevertheless  that  would  at  most  only  have  introduced 
terms  depending  upon  the  product  of  these  two,  which  would 
not  have  materially  affected  his  results.  Hence  we  see  that 
Clausius'  success  in  calculating  the  quantity  of  heat  conducted 
is  no  proof  that  his  hypothesis  is  by  any  means  a  sufficient 
representation  of  the  actual  distribution  for  the  purpose  of 
calculating  the  resultant  stresses,  and  that  it  is  not,  is  proved  by 
calculating  what  the  Crookes's  force  would  be  upon  his  hypo- 
thesis. If  this  be  done  with  the  help  of  the  quantities  he  gives 
in  his  note  (see  PhiL  Mag.,  voL  23,  4th  Ser.,  p.  526),  we  get 

l^PoToQ] 
^•»    Po  FT 

and  the  pressures  deduced  from  this  formula  are  very  much 
smaller  than  those  observed,  so  that  it  seems  certain  that  the 
hypothetical  distribution  Clausius  assumed  is  not  at  all  adequate 
to  represent  the  actual  one.     The  pressures  obtained  by  this 
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formula  are  so  insignificant  that  it  is  not  worth  while  giving 
the  details  of  the  method  by  which  it  is  deduced.  That  Clausius" 
hypothesLs  is  by  no  means  adequate  can  also  be  seen  by  the 
consideration  that  it  is  only  after  the  Clausian  laws  for  the 
conduction  of  heat  have  ceased  to  apply,  owing  to  the  rarefaction 
of  the  gas,  that  Crookes's  force  becomes  remarkable,  as  well  as  by 
considering  what  the  distribution  tends  towards  in  this  oaae, 
when  the  number  of  molecules  is  small  compared  with  the 
distance  between  the  heater  and  cooler,  as  has  been  done  by 
Mr.  Stoney  in  his  Paper  read  before  this  Society  at  its  last 
meeting.  He  shows,  as  is  also  pretty  evident,  that  the  distri- 
bution tends  towards  one  which  could  be  represented  by  two 
unopposing  streams  of  molecules  moAdng  one  towards  the  heater 
and  the  other  towards  the  cooler.  With  such  a  distribution  the 
laws  of  conduction  of  heat  would  of  course  differ  somewhat  from 
those  deduced  from  Clausius'  distribution. 

I  shall  now  calculate  the  result  upon  an  arbitrarily  assxmied 
distribution,  which,  however,  probably  represents  the  actual  one 
more  nearly  than  Clausius*.  I  shall  assume  that  the  distribution 
of  velocities  can  be  represented  by  the  formula 

V  «  %(1+  a  eosfi  +  j3  sinfi  sin^  +  y  sinfi  cos^ 
+  a  cos'fi+  b  sin'fi  sin'^  +  c  sin'fi  cos'^ 
+  2/sin'dsin^  cos^+  2^  sinO  cosO  cos^ 
+  2h  sin  B  cos  B  sin  0), 

where  cos  ©  -  /n. 

This  is  equivalent  to  saying  that  it  is  represented  very  nearly 
by  the  radii  drawn  to  the  surface  of  a  slightly  elliptical  ellipsoid 
from  a  point  near  its  contre.  I  shall  assimic  that  a  j3  7  ahcfgh 
are  all  quantities  whose  squares  and  products  may  be  neglected. 
For  the  number  of  molecules  mo\ing  in  the  given  direction  ©,  ^» 
I  shall  assume  that  it  varies  inversely  as  the  velocity  of  the 
molecules  moving  in  that  direction,  so  that  nv «  Ntv  This 
evidently  satisfies  the  condition  Ai  «  0.  By  these  assumptions 
we  obtain  approximately 

•  nv*  -  TSv^v    and    tm;*  -  N^ot^, 


28 


and  hence 


wff  -  Nvo'  - 
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(1  4  o/tf  +  fiJl-fA*  sin  ^  +  7J1  -  /i*  coe  ^ 
+  a/1*  +  J(l  -  /I*)  sin*^  +  c (1  -  /i') coe*^ 


+ 


yjl  -  /i*  sin  ^  C08f  +  2y;ijl  -  /a*  cos^ 
2hfijl  -  fi'  sin  ^) 


or  turning  it  into  the  form  of  a  series  of  spherical  harmonics 


nt^-  NV* 


1  +  H«  +  *  +  ^)  +  («  -  i*  +  ^Xm«  -  i) 
+  i  (c  -  J)(l  -  /ti*)  cos  2^  +  2/Jl  -  m'  sin  ^  cos  ^ 

+  2gfAjl  -  fi* cos^  +2Vjl  -  M* sin ^ 

+  a/u  +  /3jl  -  /i'  sin  ^  +  y Jl  -  /i'  cos  6 

from  which  we  see  that 
Ji-a-J(6  +  c),    Ja-J(c-J),    Js-y,    i*-^,    ^-2A. 

We  may  evidently  include  the  J(a  +  6  +  c)  in  the  mean 
value  of  N^o,  and  take  B^  =  1,  so  that  calling  MN  =  /»,  the  density 
of  the  gas,  our  pressures  become 


mf 


z» 


P-- 


JpV  [1  +  tV  {« 
ipV  [1  +  -iV  I* 

JpV  [1  +  tV  {c 


p««-ApV^  =  p«i. 


P.»  -  -Ap  V  A  =  P, 


y«- 


Similarly  from  nr*  «  Nvp  v'  we  can  get 

c,  -  2a,        c,  «  2)3,        ci  =  27, 
and  hence 
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The  normal  pressures  may  also  be  put  into  the  form 
P«  -  1p«oM1  +  Tiy(a  +  J  +  (?)  +  ^(a  -  J  -  c)J, 
Pfr  -  ip^oMl  +  tV(«  +  J  +  c)  +  i(6  -  c  -  a)), 
P«  -  4pV|l  +  iV(«  4  &  +  c)  +  i(c  -  a  -  6)}. 

So  that  the  state  of  stress  is  a  uniform  pressure,  and  superposed 
upon  it  a  system  of  pressures  represented  by  the  equations 

i?«  -  Jp^uH(^  -  a-  J),  Pay-  ipt^oH*  "l>y*- 

Now  it  is  remarkable  that  if  oa?  +  iy*  +  cz  +  2y^+  2^»;  +  2tey 
»  (£r  +  my  +  tu)*  we  should  have  expressions  for  these  additional 
unequal  pressures,  the  same  as  Prof.  Clerk  Maxwell  gives  (see 
his  "  Electricity  and  Magnetism,"  voL  i,  p.  129,  and  vol  ii,  p.  256) 
as  expressing  that  state  of  stress  in  the  ether  which  produces 
electrical  phenomena.  In  order  to  make  them  identical  all  that 
is  necessary  is  to  put 

80  that  the  resultant  unequal  pressures  in  the  gas  may  be 
represented  by  a  pressure  i>  =  «-  when  R'  «  X'  +  Y*  +  Z*  in  the 
direction  given  by 

/A :  Jl  -/i'  sin  ^ :  Jl  -  /i'  cos  ^  : :  X  :  Y  :  Z  : :  / :  m : 71, 

and  an  equal  diminished  pressure  in  every  direction  at  right 
angles  to  this  line.  Double  this  pressure  will  be  the  Crookes's 
force,  which  is  consequently  in  this  case 

and  it  is  in  the  direction  whose  direction  cosines  are  proportional 
to  / :  m :  n,  so  that  if  we  put 

/  «  vfi,      m  «  yjl  -/ti'sin  ^,      n  «  vjl  -  /u'  cos  ^, 

K«TVpt^oV. 


X-Z 
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The  direction  cosines  of  the  line  of  transference  of  heat  are 
evidently  a  :  /3  :  7;  and  so  far  there  is  no  reason  why  these  two 
lines  should  coincide,  although,  of  course,  in  most  cases,  they 
probably  differ  but  little  in  direction. 

The  only  other  distribution  I  shall  consider  is  one  suggested 
by  Mr.  Stoney's  investigation  (Trans.  R.  D.  S.,  1878,  p.  39) 
of  the  nature  of  the  distribution  of  the  velocities  in  the  gas 
between  two  large  parallel  surfaces  at  uniform  unequal  temper- 
atures. He  has  shown  that  it  tends  towards  a  distribution 
which  would  be  represented  by  two  streams  of  unpolarized  gas 
moving  in  opposite  directions  across  the  layer.  Now  the  actual 
distribution  is  never  exactly  this,  and  possibly,  as  he  has 
mentioned,  departs  in  various  degrees  from  it  as  you  pass  across 
the  layer.  If,  however,  we  assume  the  distribution  to  be  the 
same  all  the  way  across,  and  that  consequently  the  mean 
temperature  of  each  stream  is  that  due  to  the  surface  it  is 
leaving,  we  can  calculate  the  resultant  pressures. 

If  Vi  and  t'a  be  the  mean  velocities  of  the  molecules  in  each 
stream,  respectively,  relatively  to  the  centres  of  mass  of  the 
molecules,  and  if  Ux  and  u^  be  the  velocities  of  the  streams, 
i.  e,  of  their  centres  of  mass,  and  pi  and  ps  their  densities,  the 
pressure  upon  a  fixed  plane  normal  to  the  direction  of  the 
streams  is 

while  the  pressure  sideways  is 

so  that  the  Crookes*s  pressure  in  this  case  is 

K  =  P  - 1?  =  pxUi    +  p2??a*. 

In  order  that  there  be  no  accimiulation  of  gas  at  either 
surface,  we  must  e\idently  have 

If  Vi'  and  Va*  be  the  total  mean  squares  of  the  velocities  of 
agitation  Vi'  =  Vi*  +  w,*,  Va*  «  t'a*  +  2^*,  and  the  quantity  of 
heat  transferred  is 

Q  =  i(piV»'i^,-piV,«i/0, 
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k  being  as  before  the  coefficient  by  which  the  vis  viva  of  trans- 
lation has  to  be  multiplied  in  order  to  get  the  total  eneigy  of 
thega& 

From  these  we  easily  obtain 


Q-iK 


Ui-^Ut 


We  have  besides  pi  +  ps  »  p,  where  p  is  the  density  of  the 
gas.    Hence  there  are  six  equatioDS  between  the  six  unknowns 

Pu  p«>  ^b  ^'2,  t£i,  t^, 

and  in  order  to  eliminate  them  and  obtain  an  equation  between 
K  and  Q,  it  is  necessary  to  make  one  further  assumption.  I 
assume  then  that  Vi  =  Ar,  and  u<t  =  \v%,  so  that  V,'  =  (X'  +  l)ui' 
and  V,*  «  (X*  + 1)  w,'.  I  assume  this,  because  if  the  streams  did 
not  interfere  with  one  another  at  all,  we  should  have  u^  «  Y^x, 
80  that  if  X*  + 1 «  a*  we  should  have  a*  -  6  and  o  «  2*5  q.p. 
Our  equations  then  become 

from  these  we  can  eliminate  ViUtpip^,  and  putting  V,'  -V,* «  X', 
we  get 

Q4  +  4  —  K'Q'  -  a*i-*X*  K*  -  0, 
P 

which  is  a  quadratic  for  Q'  or  a  biquadratic  for  K. 
Sohing  for  Q,  we  get 

Q  =  5^}JXy  +  4a*K».2a'KJS 

Jp 

as  eWdently  the  other  solutions  are  inadmissible. 

From  this  we  may  get  an  approximate  value  for  K  in  terms 
of  Q ;  for  unless  a  be  veiy  large  or  the  density  or  difference  of 
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temperatiire  very  small,  X'p  is  much  greater  than  2a'K.  For 
instance,  if  Yi  and  Yt  correspond  to  a  difference  of  10'' C, 

v..  48500  JA.        v.-48500j^3. 

and  consequently 

X-.«;        ...    X.9700, 

while  p  B  -^  for  air  at  atmospheric  pressure ; 

/.    X*p- 107600, 

and  K  would  be  large  if  it  were  100,  so  that  even  if  a*  were  50,. 
still  2a*K  would  still  be  less  than  -^^  of  X*p,  so  that  we  may 
take  approximately 

Q  =  i'aKX; 

kaX 

From  this  we  can  calculate  K ;  for  A  -  16  in  most  gases,  and  if 
a  -  2-5,  and  X  =  9700  as  above, 

kaX  -  38800  =  4  X  10*  q,p. 

Now  at  a  distance  of  a  fourth  metre  in  air  at  atmospheric 
pressure,  and  with  a  difference  of  temperature  of  10®  C, 

Q  =  10*  q.p,,  so  that  in  this  case 

K  »  25  q,p,  which  is  within  the  limits  of  the  quantities 
obtained  in  the  case  of  the  spheroidal  drops  of 
liquids. 

That  by  this  formula  K  varies  nearly  as  Q,  and  not  as  Q',  i& 
not  to  be  wondered  at  because  in  the  first  place  the  formula 
only  professes  to  represent  an  approximation  to  the  true  state 
of  affairs,  and  in  the  second  place  it  is  only  at  distances 
and  pressures  at  which  the  ordinary  laws  of  conduction  of 
heat  cease  to  apply  that  it  professes  even  approximately  ta 
represent  it. 
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The  whole  of  these  investigations  are  unsatisfactory  to  thia 
extent,  that  I  have  been  unable,  from  a  consideration  of  the 
molecular  encounters  themselves,  to  discover  what  is  the  actual 
distribution  of  velocities  even  in  the  simple  case  of  two  parallel 
surfaces.  This  is  hardly  to  be  wondered  at ;  for  the  problem  is 
extremely  complicated,  and  evidently  depends  upon  the  unde- 
cided point  in  molecular  physics,  namely,  the  proportion  of  the 
molecules  encountering  in  a  given  direction  that  are  thrown  off 
in  the  various  other  directions.  We  might  very  well  assume 
with  Maxwell  that  they  are  uniformly  distributed  in  every 
direction  after  the  encoimter,  but  even  this  does  not  simplify 
the  question  sufficiently  to  bring  it  within  my  present  powers 
of  solution. 


Addendum. 


Note, — Since  publishing  this  paper,  Mr.  Stoney  has  called 
my  attention  to  a  point  in  which  I  inconsiderately  misunderstood 
his  paper  in  my  allusion  to  it,  on  the  first  paragraph  of  page  63. 
What  he  has  shown  in  the  paper  referred  to  is  not  that  the 
distribution  of  velocities  represented  by  two  streams  of  un- 
IK)larized  gas  is  the  ultimate  state  towards  which  the  gas  tends 
when  the  nimiber  of  molecules  is  indefinitely  diminished,  but 
that  as  long  as  there  are  considerable  nimibers  of  molecules 
present  the  actual  state  of  the  gas  lies  between  that  represented 
ly  mutually  non-interfering  streams  and  an  unpolarized  state. 
As  the  number  of  molecules  diminishes  indefinitely,  the  tendency 
is  towards  a  state  which  might  bo  represented  by  the  radii 
drawn  from  a  coumion  centre  to  two  hemispheres  of  unequal 
radius  turned  in  opposite  directions,  the  one  of  larger  radius 
being  tiuned  from  the  lieater.  In  this  case  it  is  easy  to  see 
that  there  would  be  no  difference  between  the  pressures  in  the 
direction  of  the  transference  of  heat  and  in  the  perpendicular 
direction,  and  consequently  no  Crookes's  force. 
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ON   THE  SUPERFICIAL   TENSION  OF  FLITIDS  AND   ITS 
POSSIBLE  RELATION  TO  MUSCULAR  CONTRACTIONS 

[From  the  Scitntijk  Trnntaelioni  of  the  Royal  Dublin  Society,  1878. 
Sead  June  17,  1878.    See  No*.  9  and  10  imflrm.} 

I.  So3iE  of  the  latest  contributions  to  the  subject  of  the  super- 
ficial tension  of  fluids  are  due  to  M.  Lippraann's  very  remarkable 
researches  into  the  connexion  between  surface  tension  and  the 
difference  of  electrical  potential  at  the  contact  of  dissimilar 
fluids  *  In  connexion  with  these  the  lately  published  experi- 
ments of  IMessrs.  Ayrton  and  Perry  (see  Proc.  Royal  Society, 
voL  xxvii,  p.  196)  are  of  great  interest,  and  their  conclusions 
are  especially  gratifying  to  me,  because  years  ago,  in  the  spring 
of  1875, 1  made  some  experiments,  which  seemed  to  me  to  show 
that  much  of  the  observed  electromotive  force  of  contact  was 
accompanied  by  chemical  action.  I  remark  in  a  note  I  took  on 
Friday,  19th  March  of  that  year,  on  some  experiments  made 

with  varnished  zinc  and  copper  condensers   " there 

always  seemed  an  electromotive  force  in  the  air  near  the  Zn 
.  .  .  .  not  like  contact  theory,  for  it  resuscitated  itself  after 
bringing  the  poles  to  the  same  potential"  Similarly  Messrs. 
Ayrton  and  Perry  consider  that  the  electromotive  force  of 
contact  of  dissimilar  substances  is  accompanied,  in  most  cases, 
at  least,  by  chemical  action  of  some  kind,  although  the  amount 
is  so  small  as  to  escape  the  ordinar)'  means  of  analysis.  Now, 
it  seems  to  me  that  this  sort  of  chemical  attraction,  which 

*  Annalea  de  Chimie  et  Physique,  5">*  Scrie,  vol.  zii,  p.  266. 
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only  colmixfates  in  chemical  action  in  some  cases,  may  be  used 
to  explain  superficial  tensions  generally,  and  M.  Lippmann's 
result&  For  instance,  if  we  suppose  the  superficial  tension  to 
depend  upon  this  chemical  attraction,  we  can  easily  see  how  it 
is  affected  by  the  direction  of  the  current  passing  from  one 
surface  to  the  other;  for  we  know,  by  the  phenomena  of  electro- 
lysis, that  the  direction  of  the  current  alters,  and  even  reverses, 
the  character  of  this  chemical  attraction.  Similarly  Professor 
C.  Maxwell  mentions,  in  his  article  on  Capillaiity,  in  the  laat 
edition  of  the  Encyclopaedia  Britannica,  that  when  a  mercury 
surface  is  being  extended,  there  exists  an  accompanying  electrical 
displacement  Sir  W.  Thomson,  in  his  method  of  calculating 
the  effective  size  of  molecules  by  means  of  the  observed  differ- 
ence of  electrical  potential  on  contact  of  zinc  and  copper, 
assumes  that  the  actual  chemical  attractive  forces  are  measur- 
able by  means  of  the  attraction  of  the  zinc  and  copper  plate& 
From  exactly  similar  premisses  I  propose  calculating  the  super- 
ficial tension  of  a  fluid.  We  require  to  know  the  electrical 
distribution  corresponding  to  the  contact  of  dissimilar  substances, 
and  I  shall  assimie  each  molecule  to  be  charged  with  that 
known  quantity  which  passes  when  an  electro-chemical  equi- 
valent is  produced.  Any  such  assumption  as  that  the  electrical 
distribution  would  produce  the  obser\'ed  electrical  potential  ia 
evidently  inadmissible,  because  then  the  effects  would  vary  with 
the  forms  of  the  surfaces,  wliich  is  not  the  case.  Hence,  if  x  be 
the  quantity  of  electricity  employed  in  producing  one  electro- 
chemical equivalent,  and  if  n  be  the  number  of  such  equivalents 
in  presence  of  one  another  per  unit  of  area  of  surface  in  contact, 
and  if  A  be  the  area  of  contact,  and  c  the  electromotive  force  of 
contact,  and  T  the  superficial  tension  per  unit  of  length,  we  have 
the  two  equivalent  expressions  for  the  superficial  energy, 

TA  =  ^^x-^'    ^^     •'^  "  ^X*- 
To  approximate  to  a  numericfd  calculation  we  must  make 
some  assumption.     Thus,  if  we  take  the  case  of  water,  and 
assume  N  to  be  the  total  number  of  electro-chemical  equivalents 

D  2 
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in  a  gramme,  and  if  we  employ  the  C.  G.  S.  system  of  units^ 

T-106|,t; 

and  if  we  assimie  T  =  08  gr.  per  centimetre,  or  -  78*5  dynes  per 
centimetre,  and  €  »  10'  or  the  tenth  of  a  volt,  we  have 

c       10' 


T     78-5' 
and  consequently 

:!i  .  !^  10-^  .  7-3  X  10-« 
N     106  ^    -v^xiu  , 

60  that,  if  this  were  a  surface  of  unit  area,  and  thickness  0  so 
small  that  all  the  particles  are  within  reach  of  the  surface,  we 
riiould  have  n  =  NO,  and  consequently  fl  -  73  x  lO"^,  which 
approximates  towards  the  quantities  obtained  by  other  methods. 
The  most  doubtful  assimiption  I  have  made  is  that  the  electro- 
motive force  of  contact  of  air  and  water  is  a  tenth  of  a  volt,  but 
this  is  not  impossible. 

I  conclude,  then,  that  superficial  tension  is  solely  due  to  this 
chemical  attraction  of  dissimilar  substances,  as  some  part  of  it,  at 
least,  must  be  due  to  this  cause  which  produces  a  potential  e^iergy  of 
the  masses  depending  directly  upon  the  area  of  the  surfaces  in 
contact.  I  may  mention  that  it  seems  to  me  likely  that  frictional 
electricity  is  due  to  a  similar  cause,  and  that  it  may  be  compared 
wiUi  Maxwell's  experiment  of  the  electrical  current  produced  by 
altering  the  surface  of  mercury.  In  the  same  connexion  com- 
pare Mr.  Clark's  experiments,  as  published  in  Wiedemann's 
Annalen  der  Physik  und  Chemie,  Neue  Folge,  Band  II,  on  the 
electrical  potential  of  water  driven  through  capillary  tubes.* 

II.  I  intend  to  devote  this  second  part  of  my  paper  to 
developing  the  possible  connexion  between  surface  tension  and 
muscular  action. 

[*  For  the  subsequent  development  of  this  order  of  ideas,  particularly  of  the 
notion  of  double  electric  layers,  see  Helmholtz, "  Ueber  Elektrische  Grenzschichten," 
Berlin.  JConatsbtrichU,  Feb.  27,  1879,  n^nd  JFiedemann*t  AnnaUn  7,  1879,  pp.  337- 
382 ;  also  his  Faraday  Lecture,  Journal  of  the  Chemical  Society,  1881.] 
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It  is  known  that  muscles  when  they  contract,  alter  little 
or  not  at  all  in  bulk,  and  it  seems,  therefore,  likely  that  the 
alteration  in  arrangement  that  they  trndergo  is  a  change  of 
superficial  area  of  their  component  parts.  Now,  if  we  assume  a 
muscle  to  be  composed  of  a  niunber  of  circular  fibres,  each  the 
jlT^th  of  a  centimetre  in  diameter,  and  each  of  these  to  consist 
of  closely  packed  fibrillre,  and  to  facilitate  computation,  if  we 
assume  each  fibrilla  to  be  of  a  triangular  section,  and  the  side  of 
each  triangle  to  be  the  -gi^th  of  a  centimetre  in  length,  these 
quantities  being  about  the  amounts  observed  in  Mammalian 
muscles,  it  is  easy  to  calculate  that  there  will  be  about  500 
metres  of  circumference  of  fibrillae  per  square  centimetre  of 
muscle  which,  with  a  superficial  tension  equal  to  that  of  water, 
gives  a  disposable  force  of  four  kilograms  per  square  centimetre. 
The  amount  observed  is  about  7  kilograms  per  square  centi- 
metre,* and  I  think  that  what  I  have  obtained  comes  sufficiently 
close  to  that  observ^ed  for  a  more  advantageous  mode  of  distri- 
bution of  the  fibrilla,  or  a  slight  diminution  of  their  size,  to 
account  for  the  difierence.  Taking  the  tliickness  of  the  active 
superficial  layer  to  be  that  obtained  in  the  first  part  of  this 
paper,  the  maximum  force  which  could  be  obtained  by  making 
the  structure  as  fine  as  possible,  and  the  superficial  tension  that 
of  water,  would  be  nearly  1000  kilograms  per  square  centimetre, 
so  that  there  is  plenty  of  margin  for  compensating  diminished 
superficial  tensions  by  increased  fineness  of  structure.  It  is 
remarkable  in  this  coimexion  that  in  fr^^gs,  whose  muscles  are 
more  coarsely  made,  the  maximum  contractile  force  falls  very 
much  below  that  of  the  Mammalia.  A  system  of  elongated 
cylindrical  fibrillar  would  not  be  in  stable  equilibrium,  but 
would  break  up  into  short  lengths  of  less  than  three  times 
their  diameter,  and  this  is  just  what  is  observed  to  be  the  case 
in  all  striated  muscles.  It  has  been  questioned  whether  the 
fibrillar  divisions  and  transverse  striae  to  be  found  in  dead 
muscles  have  an  actual  existence  in  life.  Yet  I  think  there 
can  be  little  doubt  but  that  some  structural  pcculiaiity  in  life 

*  See  Hmughton*s  "Animal  Meclitnict,*'  pp.  63-71. 
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corresponds  to  these  sub-divisions,  and  any  such  would  produce 
a  superficies  capable  of  developing  superficial  tension.  It  may 
seem  improbable  that  as  high  a  superficial  tension  as  that  of 
water  can  exist  in  this  case,  but  the  undoubted  fact  of  consider- 
able electrical  disturbance  accompanying  muscular  contraction, 
taken  in  connexion  with  M.  Lippmann's  experiments  proving 
the  connexion  between  differences  of  electrical  potential  and 
superficial  tensions,  very  much  diminishes  the  force  of  this 
objection.  If  we  suppose  a  structure  to  consist  of  a  series  of 
ellipsoids  of  revolution  of  ellipticity  »  sin  0,  and  if  r  be  the 
radius  of  the  sphere  whose  volume  is  equal  to  that  of  each  cell, 
then  the  force  each  would  exert  in  the  direction  of  its  axis  for 
surface  tension  «  T  is  given  by  the  equation 

F  =  T  2^^^?^  (sin  0  cos  0(1  +  2  cos'O) .  fl  (4 co8«e - 1)}, 

and  it  is  easy  to  see  that  there  is  some  given  form  of  ellipsoid 
of  revolution  of  given  volume  for  which  this  force  will  be  a 
maximum,  as  it  vanishes  in  the  two  extreme  cases  of  a  sphere 
and  an  infinite  cylinder.  If  we  calculate  the  pressure  in  a 
cylinder  of  radius  r,  whose  sides  are  formed  of  a  series  of  rings  like 
anchor  rings,  we  find  that  the  pressure  is  given  by  the  equation 

P     ^ 

2r' 

and  is  independent  of  the  section  of  each  ring,  so  that,  by  piling 
a  great  number  of  very  thin  rings  upon  one  another,  a  very 
great  pressure  might  be  developed,  though  of  course  the  outer 
ones  would  be  less  effective  on  accoimt  of  the  greater  value  of  r. 
The  case  of  the  heart  is  somewhat  similar  to  this. 

A  constant  supply  of  fresh  blood  is  necessary  to  keep  up 
the  irritability  of  a  muscle,  because,  after  each  contraction,  the 
surfaces  at  which  the  superficial  tension  has  increased  have 
been  altered  chemically,  and  it  is  necessary  to  remove  this 
debris  and  renew  the  surface  in  order  to  let  the  muscle  relax. 
We  see  thus  how  it  happens  that  a  contracted  muscle  requires  a 
constant  stimulus  to  keep  it  so,  and  why  keeping  it  contracted 
tires  the  muscle,  though  no  external  work  is  performed.    For,  as 
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there  is,  during  life,  a  continual  renewal  of  the  surfaces  of  the 
fibrillse,  there  is  required  a  constant  stimulus  to  keep  them  as 
continually  changed  into  the  altered  state  in  which  the  super- 
ficial tension  is  increased,  while  after  death  rigor  mortis  sets  in, 
because  this  altered  state  then  becomes  the  permanent  one. 

A  remarkable  confirmation  of  my  theory  is  that  it  completely 
explains  the  fact  of  a  muscle  heating  when  it  contracts. 
Whenever  the  area  of  any  fluid  surface  is  increased  it  cools,  and 
when  it  is  diminished  it  heats,  and  this  is  true  of  all  fluids  yet 
observed,  for  the  superficial  tension  uniformly  diminishes  when 
the  temperature  increases,  and  the  law  I  have  just  mentioned  is 
a  direct  consequence  of  this  fact  and  of  the  laws  of  Thermo- 
dynamics.* Hence,  when  a  muscle  contracts,  if  this  be 
accompanied  by  a  diminution  of  superficial  extension,  we  should 
expect  it  to  heat,  which  is  what  actually  takes  place. 

In  the  58th  number  of  the  Quarterly  Journal  of  Science, 
Dr.  Stanley  Jevons  has  published  a  most  interesting  paper  upon 
what  are  known  as  the  Brownian  motions  of  small  particles 
suspended  in  a  fluid,  and  attributes  them  to  a  very  slight 
chemical  action  producing  electrical  currents,  but  he  does  not 
explain  how  the  currents  produce  motion.  Now,  although  such 
a  high  authority  as  Faraday  discarded  surface  tension  as  an 
explanation  of  these  movements,  nevertheless  it  has  been  re- 
proposed  by  Tyndall  as  a  possible  explanation,  and  I  think  the 
motion  of  a  drop  of  mercur}^  in  a  horizontal  glass  tube  when  an 
electric  current  traverses  some  dilute  acid  surroimding  the 
mercury  is  a  very  analogous  phenomenon,  only  that  the  origin 
of  the  differences  of  electrical  potential  in  the  one  case  is 
external  to  the  immersed  substance,  and,  in  the  other  case,  is 
probably,  as  Dr.  Jevons  supposes,  due  to  a  very  slight  chemical 
action  of  the  suspending  fluid  on  the  particle.  This  explanation 
is  rendered  the  more  probable  by  Messrs.  Ayrton  and  Perry's 
having  shown  in  the  Proceedings  of  the  Royal  Society  {loc.  cU.) 
that  almost  every  case  of  contact  of  dissimilar  substances  is 

•  8ee  **  The  Theory  of  Heat,*'  bj  Professor  J.  C.  Maxwell,  in  the  Ttzt- 
Books  of  Science  Series,  p.  291. 
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accompanied  by  some  chemical  action.  It  is  of  coui*8e  possible 
that  these  very  small  particles  may  be  carried  about  by  the 
continually  moving  ultimate  molecules  of  the  fluid,  which  are 
proved  to  be  in  constant  motion  by  the  phenomena  of  diffusion, 
but  it  is  very  improbable  that  such  is  the  fact,  though  in  that 
case  no  energy  need  be  expended  in  order  to  keep  up  the 
motion  which  might  consequently  go  on  for  ever.  Considering 
the  very  complex  chemical  constitution  of  organic  substances,  it 
is  similarly  possible  that  muscular  contractions  are  due  to  some 
rearrangement  of  the  ultimate  molecules  constituting  the  muscle, 
but  in  that  case  it  seems  improbable  that  the  volume  would 
remain  unaltered,  and,  besides,  their  very  complicated  structure 
would  then  seem  unnecessary. 


[NOTB  ADDED  NoTEXBEB  26,    1878.] 

It  may  seem  doubtful  whether  my  assimiption,  that  an 
electromotive  force  of  contact  exists  at  the  surface  of  separation 
of  a  liquid  and  a  gas,  is  justified,  especially  as  Messrs.  Ayrton 
and  Perry  seem  to  assert  the  contrary.  Nevertheless,  in  a  paper 
published  in  the  Philosophical  Magazine  for  August,  1878, 
Mr.  Brown  details  some  experiments  which  prove  conclusively 
that  there  exists  an  electromotive  force  of  contact  at  the  surface 
of  separation  of  a  metal  and  a  gas,  and  probably  the  same  is 
true  of  a  liquid  and  a  gas.  In  the  case  he  mentions,  the  direction 
of  the  electromotive  force  between  copper  and  iron  was  reversed 
by  substituting  sulphide  of  hydrogen  for  air,  and  this  shows 
that  these  electromotive  forces  are  at  least  comparable  to  those 
which  have  been  hitherto  assumed  to  be  due  to  the  contact  of 
the  metals  with  one  another. 

It  seems  probable  that  the  cohesion  of  molecules  in  matter 
and  of  groups  of  atoms  in  binary  compoimds  are  phenomena  of 
the  same  kind. 

Considering  the  enormous  liquid  surface  produced  in  the  form 
of  spray  by  Armstrong's  electrical  machine,  it  seems  reasonable 
to  explain  its  efficiency  by  the  electrical  displacements  accom- 
panying the  enlargement  and  diminution  of  liquid  surfaces. 
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ON  THE  ELECTROMAGNETIC  THEORY  OF  THE  REFLEC 
TION  AXD  REFRACTION  OF  LIGHT 

[From  the  Froeeeding$  of  tht  Royal  Society,  1879.    Eeceived  October  26,  1878. 

Abstract  of  No.  8  tn/ra.] 

The  media,  at  whose  surfaces  reflection  and  refraction  are 
supposed  to  take  place,  are  assumed  to  be  non-conductors,  and 
isotropic  as  regards  magnetic  inductive  capacity.  Some  reasons 
are  advanced  why  the  results  should  apply  at  least  approximately 
to  conductors.  In  the  first  part  of  the  paper  the  media  are  not 
assumed  to  be  isotropic  as  regards  electrostatic  inductive  capacity, 
so  that  the  results  are  generally  applicable  to  reflection  and  re- 
fraction at  the  surfaces  of  crystals.  I  use  the  expressions  given 
by  Professor  J.  Clerk  Maxwell  in  his  "Electricity  and  Magnetism," 
voL  ii,  part  4,  chap  11,  for  the  electrostatic  and  electrokinetic 
energy  of  such  media.     By  assuming  three  quantities,  5>  n»  J» 

such  that,  t  representing  time,  -^,  ^,  and  —  are  the  components 

of  the  magnetic  force  at  any  point,  I  have  thrown  these  expres- 
sions for  the  electrostatic  and  electrokinetic  energy  of  a  medium 
into  the  same  forms  as  M'Cullagh  assumed  to  represent  the 
potential  and  kinetic  energy  of  the  ether,  in  "An  Essay  towards 
a  Dynamical  Theory  of  Ciystalline  Reflection  and  Refraction," 
published  in  voL  xxi  of  the  "  Transactions  of  the  Royal  Irish 
Academy."  Following  a  slightly  different  line  from  his,  I 
obtain,  by  a  quaternion  and  accompan}ing  Cartesian  analysis, 
the  same  results  as  to  wave  propagation,  reflection,  and  re- 
fraction, as  those  obtained  by  M'Cullagh,  and  which  he  developed 
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into  the  beautiful  theorem  of  the  polar  plane.  Of  course,  the 
resulting  laws  of  wave  propagation  c^ree  with  those  obtained  by 
Professor  Maxwell  from  the  same  equations  by  a  somewhat  dif- 
ferent method.  For  isotropic  media,  the  ordinary  laws  of  reflection 
and  refraction  are  obtained,  and  the  well-known  expressions  for 
the  amplitudes  of  the  reflected  and  refracted  rays. 

In  the  second  part  of  the  paper  I  consider  the  case  of 
reflection  at  the  surface  of  a  magnetised  medium,  adopting 
the  expressions  Professor  J.  Clerk  Maxwell  has  assumed  in 
"  Electricity  and  Magnetism,"  voL  ii,  part  4,  §  824,  to  express 
the  kinetic  energy  of  such  a  mediimi.  From  this,  following  the 
same  line  as  before,  I  have  deduced  the  following  equations  to 
represent  the  superficial  conditions.  In  them,  £,  if,  (  have  the 
same  meaning  as  before,  and  the  axes  are  x  in  the  intersection 
of  the  plane  of  incidence  and  the  surface,  y  in  the  surface,  and 
z  normal  to  it ;  a,  j3,  7  are  the  components  of  the  strength  of 
the  vortex  that  Professor  Maxwell  assumes,  and 

d         d     ^  d         d 

which,  with  these  axes,  reduces  to 

d         d 

K  and  Ki  are  the  electrostatic  inductive  capacities  of  the  two 
media  in  contact,  and  the  quantities  referring  to  one  of  these 
which  is  supposed  to  be  non-magnetic  are  distinguished  by  the 
suffix  ] ;  C  is  a  constant,  on  which  the  power  of  the  medium  to 
rotate  the  plane  of  polarization  of  light  depends. 

dt_dl,     K,(<n     rf?\_.  PK-   (    ^^^\ 
dz,      dx,  ■  K  \dz  ~  dx)       "      *  V  dzdt     dhdt] 

dn,     K,rf,  1    d/rf|_d^\     ^) 

dz,  "  K  d?  '  I''' dt\dz     dx)     dhdty 

As  these  are  unchanged  by  a  simultaneous  alteration  of  the 
signs  of  q  and  C,  I  show  that  the  method  adopted  in  my  former 


18783  Reflection  and  Refraction  0/ Light  43 

paper  on  ''  Magnetic  Beflection/'  in  the  Proceedings  of  the  Bojal 
Society  for  1876,  Na  176,  is  justified,  and  that  it  is  legitimate 
to  consider  an  incident  plane  polarized  ray  as  composed  of  two 
oppositely  circularly  polarized  rays,  each  of  which  is  reflected 
according  to  its  own  laws.  From  these  I  further  deduce  that, 
when  the  magnetization  of  the  medium  is  all  in  the  direction  of 
If,  there  is  no  effect  on  reflection  or  refraction  produced  by  it  I 
consider  next  the  cases  of  the  magnetization  being  all  normal  to 
the  surface,  and  all  in  the  surface  and  the  plane  of  incidence,  and 
obtain  the  following  result: — ^When  the  incident  ray  is  plane 
polarized,  and  the  plane  of  polarization  is  either  in  or  perpen- 
dicidar  to  the  plane  of  incidence,  the  effect  of  magnetization  is 
to  introduce  a  component  into  the  reflected  ray  perpendicular  to 
the  original  plane  of  polarization,  whose  amplitude,  c,  is  given  in 
the  several  cases  by  the  following  equations,  in  which  i  is  the 
angle  of  incidence,  and  r  of  reflection,  and  h  a  small  constant 
depending  principally  on  C  and  the  intensity  of  the  incident 
ray: — 1.  When  the  magnetization  is  normal  to  the  reflecting 
surfaca*  If  the  incident  ray  be  polarized  in  the  plane  of 
incidence 


.      (1  ■?■  cosV)  sin't  sin  2i 
sin  T  sin'  (i  +  r)  cos  (i  -  r) 


If  it  be  polarized  in  a  plane  perpendicular  to  the  plane  of 

incidence 

rt,  cos'r  sinH*  sin  2t 

sin  r  8in*(i  +  r)  cos  (i  -  r) 

2.  When  the  magnetization  is  parallel  to  the  intersection  of  the 
surface  and  the  plane  of  incidence,  and  the  plane  of  polarization 
of  the  incident  ray  is  either  in  or  perpendicular  to  the  plane  of 

incidence 

,      cosr  sin*t  sin  2i 

sin*  (i  +  r)  cos  (i  -  r) 
This  vanishes  at  the  grazing  and  normal  incidences,  and,  in  the 

[*  For  correctionf  eee  footnote,  p.  63.] 
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case  of  iron,  attains  a  maximum  at  about  the  angle  of  incidence 
i  -  63^  2(r. 

I  do  not  obtain  any  change  of  phase  by  reflection  in  any 
case ;  and  this  is  to  be  expected,  as  this  change  of  phase  probably 
depends  on  the  nature  of  the  change  from  one  mediimi  to  another, 
which,  following  M'Cullagh,  I  have  uniformly  assumed  to  be 
abrupt*  Apart  from  this  question  of  change  of  phase,  my 
results  conform  completely  to  Mr.  Kerr*s  beautiful  experiments 
on  the  reflection  of  light  from  the  pole  of  a  magnet,  as  published 
in  the  Philosophical  Magazine  for  May,  1877,  and  March,  1878. 

[*  See  footnote,  p.  66.] 
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ON  THE  BLECTBOMAGNETIC  THEORY  OF  THE  REFLEC- 
TION AND  REFRACTION  OF  LIGHT 

[From  tlie  IhihtopkUal  Tran9action$  of  the  Royal  Society  (Pt.  II,  1880 ;  Art.  xix, 
p.  691).  Commitiiieated  by  6.  J.  Stoney,  M.A.,  F.R.S.,  Secretary  of  the  Queen's. 
UniTernty  in  IreUnd.     BeeeiTed  October  26,  1878.     Read  January  9.  1879.] 

In  the  second .  volume  of  his  "  Electricity  and  Magnetism,"^ 
Professor  J.  Clerk  Maxwell  has  proposed  a  verj^  remarkable 
electromagnetic  theor}"  of  light,  and  has  worked  out  the  results 
as  far  as  the  transmission  of  light  through  unifoiin  cr}'^stalline 
and  magnetic  media  are  concerned,  leaving  the  questions  of 
reflection  and  refraction  untouched.  These,  however,  may  be 
very  conveniently  studied  from  his  point  of  view. 

If  we  call  W  the  electrostatic  energy  of  the  medium,  it  may 
be  expressed  in  terms  of  the  electromotive  force  and  the  electric 
displacement  at  each  point,  as  is  done  in  Professor  Maxwell's 
"Electricity  and  Magnetism,"  vol.  ii,  part  4,  ch.  9.  I  shall 
adopt  his  notation,  and  call  the  electromotive  force  S,  and  its 
components  P,  Q,  R;  and  the  electric  displacement  !D,  and  its 
components  /,  g,  h.  As  several  of  the  results  of  this  Paper 
admit  of  a  very  elegant  expression  in  Quaternion  notation,  I 
shall  give  the  work  and  results  in  botli  Cartesian  and  Quaternion 
form,  confining  the  German  letters  to  the  Quaternion  notation. 
Between  these  quantities,  then,  we  have  the  equation 

W  «  -  JJ//SSJ)(farfyrfs  =  4JJJ(P/+  Q^  +  BJi)dxdydz. 

Similarly,  the  kinetic  energy  T  may  be  expressed  in  terms 
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of  the  magnetic  inductioQ  SB,  and  the  magnetic  force  {),  or  their 
components  a,  \  e,  and  a,  j3,  y,  by  the  equation 

T  «  -  ^  [Jf  S55$rfxrfycfe  -  i  {{{(aa  +  6/3  +  cy)dxdydz. 

I  shall  at  present  assume  this  to  be  a  complete  expression  for  T, 
and  return  to  the  case  of  magnetized  media  for  separate  treat- 
ment, as  Professor  Maxwell  has  proposed  additional  terms  in 
this  case,  in  order  to  account  for  their  property  of  rotatory 
polarization.  I  shall  throughout  assume  the  media  to  be 
isotropic  as  regards  magnetic  induction,  for  the  contrary  sup- 
position would  enormously  complicate  the  question,  and  be, 
besides,  of  doubtful  physical  applicability.  For  the  present  I 
shall  not  assume  them  to  be  electrostatically  isotropic.  Hence 
<2F  is  a  linear  vector  and  self-conjugate  function  of  2>,  and 
consequently  P,  Q,  R  linear  functions  of  /,  g,  A,  so  that  we 
may  write  in  Quaternion  notation 

and  if  we  call  U  the  general  symmetrical  quadratic  function  of 
/,  Oi  ^y  we  may  assume 

U-P/+Q5'  +  EA, 
and  consequently 

W  -  -  ijjj&Zi^Zcbxli/dz  =  ^fjjVdxdydz. 

As  the  medium  is  magnetically  isotropic,  we  have 

S  «  /i«&,    or    a  «  fia,    b  =  /u/3,    c  «  /uy, 

where  /i  is  the  coefficient  of  magnetic  inductive  capacity,  and 
consequently  the  electrokinetic  energy  may  be  written 


T  =  -  — 

Sir 


^"^dvdydz  =  ^ 


(aU/3'  +  7')^%rf2. 


Now  I  shall  assume  the  mediums  to  be  non-conductors ;  and 
although  this  limits  to  some  extent  the  applicability  of  my 
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resultB,  and  notably  their  relation  to  metallic  reflection,  yet 
it  is  a  necessity,  for  otherwise  the  problem  would  be  beyond 

my  present  powers  of  solution.    With  this  assumption,  and 

dx 
using  Newton's  notation  of  i  for  -^,  we  have  the  following 

equations  (see  "  Electricity  and  Magnetism,"  voL  ii,  §  619) : — 

4iri)  -  VV^, 
using  V  for  the  operation 

,  d      ,  d      .  d 
dx     "'  dy        dz 

or  the  same  in  terms  of  its  components,  namely, 

^'-^     d^     dz' 

.  da      dy 

■*'^"^-^' 

dx      dy 

Assuming  now  a  quantity  9?  with  components  ^,  i|,  Z,  such 
that 

and  consequently 

or,  in  terms  of  the  components, 

we  may  evidently  write 

47rD  -  wm, 

4   ^     dt     dn      ,        d%     dZ      ,    J     dfi     dK 
^^'        ^""^'d^'Tz^    ^'^'^d-z^Tx*    ^""''^di'Ty' 

so  that  we  have 


32ir' 


{s{VVm.t\Vdl)dxdtjdz, 


T  -  -  £  ([[ dCdxdffdz  -  ^ ^{{{t  + 1)'  +  ^)dxdydz. 
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Lagrange's  equations  of  motion  may  often  be  very  conven- 
iently represented  as  the  conditions  that  /(T  *  W)  dt  should  be 
a  minimum,  or,  in  other  words,  that 

8/(T-W)rf^«0, 

and  this  method,  from  its  symmetry,  is  particularly  applicable 
to  the  methods  of  Quaternions. 

Proceeding  on  this  method  we  obtain  immediately  the  equa- 
tion 

0  -  -  [L  [[[ SSfl83I(&rfyffe  "  i    I^(  ^^^  ♦  ^^^^  dxdyd^dt, 
or  in  Cartesian  notation, 


-  A\\{%  V  ^^  ^  *M")^y^h 


Now  we  may  evidently  integrate  the  terms  in  S!R  and  St,  8^,  8f 
with  reference  to  the  time,  and  the  terms  depending  on  the 
limits  of  the  time  must  vanish  separately,  and  we  are  not  at 
present  concerned  with  them,  so  that  the  equation  reduces  to 

iimm  +  ;^  s(  wm  0  wm)\  dxdydzdt  -  0, 

or 

dxdydzdt  «  0. 

I  shall  now  proceed  to  integrate  this  by  parts  relatively  to 
X,  y,  z,  and  in  order  to  express  the  result  conveniently  I  shall 
assume  ds  to  be  an  element  of  the  surface  of  the  medium  and  9?. 
with  components  /,  m,  n,  to  be  a  unit  normal  to  this  element  of 
sui-face,  when  we  evidently  obtain 


[r^||s(«^FVSRSW)r/.' 


f    j/uS5R8!R  +  ^S(VV^FV   m)\  dxdydzdt  ^0, 
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or 

.ffff/rf   rfU     d.  dM\       (d  dU    d   <nJ\. 

**JJJLW  ^"^  'd^r*^^  Wd^  dKr 


^-49k]«w= 


dg 


•dt-0. 


It  is  evident  that  the  superficial  and  general  integrals  must 
vanish  separately,  and  as  SK  or  S|,  Svi,  and  S^  is  arbitrary  in  the 
general  integrals,  we  must  evidently  have 

47r;iW  +  Fv^  rv9l  -  0, 
or 

n     ,/rf    dU      d   dU\     ^ 

^^^*[d^  dh'Tz  ^j-°' 

As  it  will  not  take  long  I  will  deduce  the  ordinary  equations 
for  the  transmission  of  plane- waves  from  these  before  proceed- 
ing to  discuss  the  superficial  condition.  In  the  first  place,  as 
our  axes  of  coordinates  ai*e  perfectly  arbitrary,  I  shall  assume  z 
to  be  normal  to  the  plane  of  the  wave,  and  consequently  f .  i|,  f 

to  be  functions  of  z  and  .  only,  so  that  V  =  4  a.Kl  ;^  =  /.  0. 

^  dz         dx     dy 

and  consequently  C  "  0,  and  A  «  0,  and 
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80  that  if  #/»  -  XSip  +  ySjp  +  vSA:p, 

and  consequently 

Now,  if  we  had  originally  assumed 

U  -  A/^  +  R/»  +  CA*  +  2Ygh  +  2GA/+  2H/^, 

we  should  have 

X-Ai  +  Hy+GA',    Ai  =  Hi+By  +  FA;, 
so  that  we  obtain 

4.M<{./iU.S)..-(B  g  -  H  g)v(Ag-Hg)  .  0; 

80  that,  if  we  assume  i  andj  parallel  to  the  axes  of  the  section 
of  Sp^/»  =  1  by  the  wave-plane  we  evidently  have  got  H  =  0, 
and  consequently  ^  »  0,  and 

and  as  A  and  B  are  inversely  proportional  to  the  squares  of  the 
axes  of  the  section  of  S/o^p  =  1,  or  U  «  1,  by  the  wave-plane, 
we  get  jrCullagh's  result,  that  each  component  in  these  direc- 
tions is  propagated  independently,  and  with  a  velocity  inversely 
.proportional  to  the  perpendicular  axis  of  the  section  of  Sp^p  «  1 
by  the  wave-plane. 

This  comes  out  at  once  from  the  Cartesian  equations;  for, 
as  A  «  0,  U  reduces  to 

U«A/'+2H/^  +  B<^'; 

and  by  choosing  x  and  y  parallel  to  the  axes  of  this  section,  we 
have  H  »  0,  so  that 

df     ^^•''      dg  ~  -^' 

and  A   *       ^^         A     *         ^^ 

W--^.    and    i^^^. 
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-and  the  xesolt  of  patting  these  in  is  evidently  the  same  as 
before. 

Betoming  now  to  the  superficial  conditions,  I  shall  follow 
M'Cullagh,  and  assume  that  at  each  point  of  the  surface  of 
separation  of  two  media  the  values  of  the  elements  of  the 
integrals  must  be  equal  for  the  two  media,  and,  indeed,  I  think 
it  is  pretty  evident  that,  if  the  original  integrals  are  to  express 
the  whole  state  of  affairs  in  the  case  of  a  motion  propagated 
from  one  medium  into  another,  the  superficial  integrals  must 
vanish  when  the  limits  introduced  in  them  are  the  functions 
corresponding  to  the  two  contiguous  media. 

Using  the  suffix  0  for  one  medium,  and  1  for  the  other,  and 
i>i«nTniTig  the  normal  to  the  surface  as  k,  we  get,  as  SB  is 
evidently  arbitrary,  and  the  same  for  both  media  at  the  surfooe 
of  separation, 

or  the  two  equations 

which  are  the  same  as  can  be  got  at  once  by  putting  n  «  1, 
m «  /  «  0  in  the  Cartesian  superficial  equations,  and  taking  S5 
and  Si|  as  arbitrary  and  independent,  when  we  get 

rfU     rfU     ^     dU 

If  now  we  assume  that  the  axis  of  x  is  the  line  of  intersec- 
tion of  the  plane  of  incidence  and  the  surface,  we  may  evidently 
assume  dt^  to  he  the  resultant  of  an  incident  and  reflected  ray, 
and  9li  to  be  the  resultant  of  the  two  refracted  rays,  so  that 
we  may  write 

JRo  =yo»Jo  +y'o»i'o»    81,  =yiiji  +y'iij'i, 

when  jft,  j\y  ju  j\  are,  i-espectively,  unit-vectors  parallel  to  the 
direction  of  magnetic  displacement  in  the  incident,  reflected,  and 
each  refracted  ray.     Similarly,  calling  i^,  k\,  k^  k^i  the  unit- 

E2 


■-  -  - 
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vectors  normal  to  these  wave-planes,  and  z^^  il^  Zi,  /t  the  variable 
distance  along  these,  evidently  we  may  assimie 

and  substituting  these  we  at  once  obtain 

In  these  I  shsdl  now  assume  ^  =  1,  as  it  is  convenient  to 
suppose  this  medium  to  be  isotropic  and  the  velocity  of  propag- 
ation in  it  unity,  and  to  and  i\  are  the  directions  in  the  wave- 
plane  perpendicular  to  the  magnetic  displacement;  so  that  if 
ooi  0o>  Yof  ol\,  jS'oi  y\  be  the  direction  angles  of  these  lines  referred 
to  the  superficial  axes 

Si^o^o  ■•  cos  Oo,      Sl0oi'o  «  cos  a'o, 
S/^ia  =  COS  /3o,     Sy^o^'o  =  COS  0'o  \ 

and  if  r'  be  that  axis  of  the  section  of  Sp^p  -  1,  by  one  of  the 
refracted  wave-planes  which  is  perpendicular  to  the  direction  of 
magnetic  displacement,  it  is  evidently  the  velocity  of  propagation 
of  this  wave  in  this  medium,  and  we  may  write 

t,  «  Us  «  s'^Ts ;    therefore    ^ti  «  ^*Ts  =  t;T«, 

when  tr*  is  the  perpendicular  on  the  corresponding  tangent 
plane,  and  consequently 

Si^ii  B  TvTls  cos  ai, 

when  ax  is  the  angle  between  v  and  the  axis  of  x,  and  evidently 
T«  represents  the  velocity  of  this  wave,  while  Vi^  is  the  direc- 
tion of  the  ray.     Hence  our  equations  may  be  written 

cos  a,  ^  +  cos  a\  "^  =  TvTs  cos  a,  ^S  T.T/  cos  a\  ^. 
CLZ^  az  ^  azi  az\ 

C08  /3,  ^* + cos  /3'.$L»  .  Tt»T5  cos  B.  ^  +  ToT/  cos  6'.  ^\ 
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These  may  be  readily  deduced  from  the  Cartesian  equatdons 
as  follows :  Ut  being  isotropic  it  can  be  written 

and  is  evidently  unaltered  by  transformation ;  and  if  / :  m :  n  and 
/i :  mi :  7i|  be  the  direction  cosines  of  x  and  y  to  any  arbitrary 
axes,  we  get 

.  ,  rfU,  rfUi        dJJt 

and  now,  as  these  are  linear,  we  may  suppose  the  superficial 
disturbance  in  one  medium  to  be  due  to  an  incident  and  reflected 
wave,  and  in  the  other  to  two  refracted  rays,  so  that  we  can 
write  these  as 


/  rfU',        cfU',         rfU'A 


and  as  U  and  U'l  are  supposed  to  be  referred  to  arbitrary  axes, 
we  may  suppose  Ui  to  be  referred  to  such  that  i|i  is  the  only 
component — t.e.,  to  such  that  the  direction  of  the  magnetic 
force  is  the  axis  of  y,  that  of  z  being  normal  to  the  wave-plane, 
and  similarly  i|'i  being  the  only  component  in  U'l,  while  the 
z  axis  in  this  case  is  normal  to  its  wave -plane,  and  of  coui*se  this 
m  will  be  a  function  of  z^  only,  and  ij'i  of  z\  only,  these  being  the 
corresponding  ordinates.    We  thus  obtain 
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80  that 

^-A,/,.      -^-A./-..    -^-H./.. 

and  the  equations  become 

.  4irAXyo+5^o)-(ii  A,+ m.Hi +n,Gt)^V(rt  A'. +m^H',+n'iG'0  ^^ 

Now  if  we  consider  Ai,  Hi,  Gi  we  see  that  they  are  proportional 
to  the  direction  cosines  of  the  perpendicular  on  the  tangent 
plane  to  U  where  it  is  met  by  // »  0,  A  «  0 — t.e.,  it  is  the  direc* 
tion  conjugate  to  the  electric  displacement  corresponding  to  i||. 
Now  if  we  call  A«s  the  velocity  of  propagation  of  this  wave  and 
kj  of  the  other,  we  see  at  once  that  ^^  is  an  axis  of  the  section 
of  U  «  a  constant  by  one  wave-plane,  and  s'**  is  an  axis  of  the 
section  by  the  other  wave-plane,  and  if  ir*  and  t^"*  be  the  corre- 
sponding conjugate  directions,  and  ai  and  a'l,  /3i  and  /3^  the 
angles  between  these  latter  and  the  superficial  x  and  y  axes, 
and  if  Oo,  ^oi  «'©»  ^\  ^  ^^  corresponding  angles  between  iio  and 
Vt  and  these  same  superficial  axes,  we  get  exactly  the  same 
equations  as  before,  and  write 

dj^  di\\  ,  ^»li        /  /  ,  dr(x 

3—  COS  a^  +  -TT  cos  a  0  =»  i?5  COS  Oi  3—  -^  VB  COS  a  1  -ry 

oZq  dz  0  ciZi  aZ\ 

-J-  008  Po  +  TT-  COS  8  0  =  V«  COS  813-   -^  XfS   COS  a  i  3:7- 

c»b  dz  ^  cCZi  az\ 

In  order  to  reduce  these  further  we  assume 

ifa  -  To  cos  ^  (^  -  2o),         n'o  -  T'.  cos  ^  (^  -  /•), 
Aq  a  0 

m  -  T,  cos  1^  («<  -  2,).      n',  -  r,  cos  |^  (sV  -  «',) ; 

Ai  a  I 

and  if  our  superficial  axes  are  so  placed  that  the  axis  of  a;  is  the 
intersection  of  the  plane  of  incidence  and  the  surface,  and  if 


1878])         Reflection  and  Refraction  of  Light  55 

j»>  ^9»  ^»  i\  be  the  angles  the  respective  wave  normals  make 
with  the  normal  to  the  surface,  we  evidently  may  write 

2^»«co8to+A;sinto>       /o  ■  *co8  *\  +  «8int'o, 
2^1  «  z  cos  ii  +  ^  sin  ii,       /|  »  «  cos  ix  +  «  ^in  t'l, 

as  it  is  easy  to  convince  oneself  that  any  terms  invohdng  y  would 
be  inadmissible,  as  they  could  not  by  hypothesis  occur  in  z^ 
and  the  terms  involving  the  time  could  not  vanish  out  of  our 
equations  if  they  occurred  in  the  others.  Hence  these  wave 
normals  are  all  in  the  same  plane.  AVhen  2  «  0  our  equations 
must  evidently  be  true  independently  of  the  time  and  x,  from 
which  we  see  that  no  change  of  phase  is  possible  in  reflection. 
Hence  these  equations  cannot  explain  metallic  reflection. 
Indeed,  this  question  of  change  of  phase  seems  to  be  one  of  a 
higher  order  than  I  am  here  dealing  with,  and  requires  a  dis- 
cussion of  the  nature  of  the  transition  from  one  medium  to 
another,  which,  of  course,  cannot  be  abrupt,  as  our  equations 
suppose,  nor  indeed  probably,  in  these  cases,  even  very  small 
compared  with  the  vibrations.*  In  order  that  these  terms  in- 
volving  the  time  should  disappear  from  the  equations  when 
2; «  0,  we  must  have 

Xo:A'o:Xi:X'i  ::  sin  ioisin  i'o:sini,  rsini'i ::  1:1:«:/, 

which  involves  that  the  angle  of  incidence  should  be  equal  to 
the  angle  of  reflection;  and  if  the  second  medium  were  an 

ordinary  one,  so  that «  «  -  =  s^  we  should  have  that  the  ratio  of 

P 
the  sines  of  the  angles  of  incidence  and  refraction  was  constant. 

Putting  in  these  values,  our  equations  reduce  to 

To  cos  oo  +  T't  cos  a\  «  rTi  cos  ai  +  vYx  cos  a'l, 
T.  cos  00+  T'o  cos/yo  «  vT,  cos  j8,  +  t;T,  cos  /y„ 

together  with  the  condition  that  when  2;  »  0  the  superficial 
displacements  should  be  the  same  to  whichever  medium  they 
belong,  namely,        5  =  5',    »i  =  n',    ?  «  ?'• 

[*  The  ezpUnation,  obtained  as  usual  by  simplj  makiDg  the  refractiTe  index  a 
oomplez  quantity,  inTolves  disturbance  penetrating  into  the  metallic  medium  to  a 
distance  comparable  with  the  ▼ave-length,  which  is  doubtless  the  "  trassitioa  ** 
here  referred  to.    See  p.  70.] 
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As  each  of  these  is  a  resolved  part  of  the  vibrations  110,  i|^o*  ^^^ 
III,  fix  we  get  three  additional  equations,  the  last  of  which,  how- 
ever, is  the  same  as  the  second  of  the  former  ones,  and  there 
result,  consequently,  but  four  equations  from  which  the  four 
quantities,  namely  the  three  intensities  To,  Ti,  Ti,  and  the 
azimuth  of  T^  are  to  be  determined. 

It  is  remarkable  that  whether  we  assumed  or  no  that  l^^ti'  it 
is  here  introduced.  That  is,  however,  no  proof  that  it  is  wrong  to 
omit  it,  as  in  Fresnel's  method  of  obtaining  the  intensities  of  the 
reflected  and  refracted  rays,  for  the  fact  of  its  turning  up  indepen- 
dently shows  that  there  is  something  at  least  debatable  about  it ; 
and  as  I  shall  have  cause  to  omit  this  equation  as  leading  to  incon- 
venient residts  in  a  subsequent  part  of  my  paper,  I  thought  it 
well  to  mention  that  there  is  something  curious  about  it  even  here. 
These  equations  are  those  long  ago  given  by  M'Cullagh  in  the 
Transactions  of  the  Royal  Irish  Academy,  vol.  xxi,  to  solve  the 
problem  of  crystalline  reflection  and  refraction,  and  from  which 
he  deduces  his  beautiful  theorem  of  the  polar  plane  and  thus 
marvellously  simplifies  an  extremely  complicated  problem.  In- 
deed, as  the  forms  into  which  I  have  thrown  T  and  W  are  identical 
with  his  expressions  for  what  are  practically  the  same  quantities, 
my  whole  investigation  so  far  is  but  a  modification  of  his. 

In  the  simple  case  of  the  second  medium  being  also  isotropic 
we  have  that  t;  =  t;'  =  5  =  5';  and  if  we  in  the  first  place 
suppose  i|<>  to  be  in  the  plane  of  incidence,  we  have  at  once 
Of  «  90®,  and  consequently  o'o  =  o'  =  90®,  and  Vx  vanishes,  or  at 
least  may  be  supposed  to  do  so,  the  medium  being  isotropic  and 
«  =  s',  so  that  the  two  refracted  waves  coincide.  Also  /3o  ■■  0  *^d 
i3'o  ■  01  ■■  0  likewise,  as  can  easily  be  seen  by  assuming  that  the 
reflected  and  refracted  waves  have  components  out  of  the  plane 
of  incidence,  and  then  tr}ing  to  satisfy  the  equations.  Hence 
our  equations  reduce  to 

Tq  +  a  0  *  "i  Ti, 
P 

and  5o  -  To  becomes    (T,  -  T^  cos  i  «  Tj  cos  r, 

*  Where  ^  is  the  refractiTe  index. 
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t  being  the  angle  of  incidence  and  r  of  reflection.    The  first  of 

theee  is 

(To  +  T'o)8int-TiSinr; 

and,  solving  them,  we  get 

«  8in(t-r)  8in2t 

•'"•^•8in(i  +  ry     '^**  '^•8in(^4r)• 
If  lit  be  perpendicular  to  the  plane  of  incidence  we  obtain 
^0  ~  ^>  /3o "  0,  and  our  equations  become 

T.  +  To  -  T, 
and  (T,  -  T'o)  sin  i  cost  «  Ti  sinr  cosr, 

« .  «     .  ^.       -,  tan  (i  —  r)      „     ^  sin  2t 

which  give       r.  .  To  ^^, — (,     T, «  To  -^-7^-^ y — \- 

tan(t  +  r)  **  sm  (t  +  r)  cos  (t  -  r) 

Having  now  deduced  the  already  known  laws  of  reflection 
and  refraction  of  light  at  crystalline  and  ordinary  surfaces,  I 
shall  proceed  to  consider  the  case  that  Mr.  Kerr's  wonderfully 
beautiful  experiments  have  made  so  interesting — namely,  the 
case  of  reflection  from  magnetic  surfaces.  In  order  to  do  this  I 
shall  assume,  with  Professor  J.  Clerk  Maxwell  (see  "  Electricity 
and  Magnetism,"  voL  ii,  §  824),  that  tlie  kinetic  energy  of  the 
medium  contains  a  term  depending  on  the  displacement  of 
certain  supposed  vortices,  and  that  it  may  be  expressed  by  an 

equation  of  the  form  (§  826) 

r 


-''1 


%^^V^ii\dxdydz 


«I(i/*,^^-i*)"^' 


where  d        ^     o  ^         ^ 

*Dd  a,  /3,  y  are  now  the  components  of  the  vortex  SW. 

I  shall  assume  the  medium  to  be  isotropic,  so  tliat  taking 

^  «=-  the  electrostatic  energ}''  of  the  medium  may  be  expressed  as 
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while  the  complete  value  of  T  is 


+  8irCS 


FV»  j  1  dxdydz 


de\dz     dx)     de\dx     dy)S\       *^ 


Working  as  before,  and  obtaining  our  equations  as  the 

conditions  that 

■J(T-W)* 

should  be  a  minimmn,  we  have  to  satisfy  the  equations 


111 


ysam.  +  4jrcs  {^ .  fvk)  +  4»CS 


\dB' 


wu\ 


-^S(FVSR.FVSOl)  \dxdydzdi  •' Q. 


or,  in  Cartesian  coordinates, 


{ de  \dy     dz)      dO  \dz     dx) 

dSZfd^_dt\\ 
*  d0  \dx     dy)S 

[d9  \dy       dz )      dO  \dz       dx  J 

dK(d^_dBt\] 
'*' de\dx       dyj] 

'K\\dy      dz)\dy    dz) 

^(dSK_dSK\/BJ_IK\ 
\dz      dx )  \dz     dx) 

\dx       dy  )\dx     dy)) . 


-dxdydzdt^O. 
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Now  of  course  the  terms  depending  on  C  are  the  only 
additional  ones,  and  it  will  be  necessary  to  integrate  them  both 

iBlatively  to  the  time  and  also  relatively  to  0.  The  integration 
with  lespect  to  the  time  is  easily  performed,  as  it  merely  con- 
sistB  in  removing  the  dot  from  one  of  the  terms  under  the 
integral  to  the  other  and  changing  the  sign,  so  that,  neglecting 
the  terms  depending  on  the  limits  of  the  time  with  which  we 
u«  not  concerned,  our  equation  becomes 


mS(»8»)  -  4irCS  ^  FV«  +  47rCS 


v^m\ 


+  ^S(FV3l .  rVSJR)    dxdydzdt  =  0, 


Of)  in  Cartesian  coordinates. 


{{ 


^fi 


1 19  \dy     ds)      de  \dz     dx) 

de  \dx     dy)) 
\m  \dy       d%  j     dO\  dz       dx  J 


dt  fdSn     dSi\) 
"^  de\dx  ~  dyj] 


»dxdydzdt''0. 


Ij/^     dhi\fdK     dn\ 
K\\dy  ~  dsj\dy~  dsj 

\dz       dx  J  \dz     dx) 


^(^Jn_dltsfdj)^_d^ 
\dx       dy)  \dx     dy)] 


Intregratiiig  these  now  by  parts  relatively  to  x,  y,  z,  and 
calling  I  :m,  :  n  the  direction  cosines  of  9{  the  normal  to  the 
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surface  of  separation,  and  0/  h-  ^m  +  791 «  S3R91 «  i ,  when  SR 
is  the  vortex  whose  components  are  o,  /3, 7,  we  get 

+  [  f  f  S  \L^  +  SttCVV  ^  +  g  VV  VV«  W  j  dxdy<h\dt  =  0, 
or,  in  Cartesian  coordinates, 


\(&      dyj        \dy     dzj) 


+  ^(m|-i^)8?:}rf. 


-4,C-"    ■--    --'"^     rf^> 


«^ 


+  ////« ("^85  +  nS»l  +  llt:)dxdyds 

K  J  J  J  ( Uir  \rfj;     <y;     dz  \dz  ~  dx)\  ^^ 
\_dz\dy     dz)     dx\dx     rfy/J  " 

•[^,(l-i)-|(f-^)]«K'. 


^dt*0. 
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I  shall  not  consider  the  general  equations  of  wave-propaga- 
tion in  the  Cartesian  form,  as  they  are  the  same  as  those  given 
by  Maxwell  in  a  more  general  form,  for  he  assumes  that  the 
static  energy  of  the  medium  is  expressed  more  generaUy  than 
I  have  assumed ;  but  as  the  Quaternion  investigation  is  not  long 
I  shall  give  it 

The  equation  of  motion  is 

rfR      1 
/!«  +  8,rCV V  ^  +  ^  V VVV»  -  0, 

and  if  s  be  the  normal  to  a  wave-plane,  we  may  evidently  assume 
V  «  i  — ,  and  as  IR  is  in  the  wave-plane,  we  have 

81  -  at  sin  -I--  (t?^  -  •)  +  J;  cos-r-  (t?^  --  •), 

and  M  jS  "  7  X  ^^^^  equation  becomes 

{/'St      \        d        iM 

Substituting  for  IR,  and  equating  the  coefficients  of  i  and  j 
separately  to  zero,  we  get 

from  which  it  is  easy  to  see  that  a  «  ±  6,  and  that  v  is  deter- 
mined by  the  equation 

which  gives  of  coui-se  two  different  values  of  r,  one  for  each 
circularly  polarized  ray,  or  disregarding  the  solutions  for  waves 
going  in  the  negative  direction,  we  have  approximately 

1  Sir'Oy  1  Sir'Cy 

and^of  course  C  can  easily  be  determined  from  these  by  observing 
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the  rotation  produced,  but  there  is  nothing  except  experi- 
ment to  prove  that  C  maynot  be  a  function  of  X»  as  we  know  K 
to  be,  to  some  extent  at  least;  so  that  using  these  formuIsB  in 
order  to  obtain  the  laws  of  dispersion  of  rotatory  polarization 
seems  to  approach  towards  deducing  the  known  from  the  un- 
known. All  we  can  be  sure  of  is  that  C  is  in  general  extremely 
minute. 

Betuming  to  the  superficial  equations,  and  using  /  as  a  sign 
of  substitution,  we  get 

/g  V(«  .  FVIR)  +  4irC^ViR  ^  -  eVV»)  »  0. 

As  I  intend  only  to  work  out  the  results  in  Cartesian  co- 
ordinates, I  shall  confine  myself  to  them,  and  for  simplification 
assume  the  axes  to  be  2  normal  to  and  x  and  y  in  the  surface, 
and  consequently  /  -  m  =  0,  n-  =  1,  and  6  =  7.  C  may  also  be 
supposed  to  vanish  for  one  of  the  media  for  which  Ki  is  the 
dielectric  inductive  capacity.  I  shall  also  assume  that  S?  «  0  as 
the  vanishing  of  its  coefficient  leads  to  inconvenient  results,  and 
the  assumption  may  be  to  some  extent  justified  by  considering 
that  as  these  8$,  Sij,  S^  are  superficial  values,  no  virtual  dis- 
placement out  of  the  surface,  as  this  would  be,  is  admissibla 
From  the  other  two,  S5  and  Sij,  we  evidently  get 

i(f-S)4(|-S)--i--r(M). 

A  remarkable  point  about  these  equations  is  that  they  admit 
of  being  integrated  with  regard  to  the  time  as  far  as  their  right- 
hand  members  are  concerned,  so  that,  in  addition  to  the  values 
which  satisfy  them  as  they  stand,  and  which  are  the  only  ones 
of  much  interest,  there  are  other  periodic  values  of  5,  n»  C 
independently  of  5i,'>h,  Ci,  which  satisfy  these  superficial  con- 
ditions, and  which  may  consequently  be  looked  upon  as  a  sort 
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of  free  vibration  of  the  surface  of  the  medium.*  But  even  if  this 
could  be  propagated  into  the  rest  of  the  ether  it  is  improbable 
that  the  resultant  Aibrations  would  be  of  such  a  period  as  to  be 
visible,  though  some  energy  might  be  expended  on  them. 

I  shall  now  further  assume  that  the  axis  of  x  is  the  inter- 
section of  the  surface  with  the  plane  of  incidence  of  a  plane 
wave,  and  that  consequently  none  of  my  quantities  are  functions 
of  y,  whi(^  reduces  these  equations  to 


In  order  still  further  to  simplify  the  problem  I  shall  now 
consider  separately  the  cases  in  which  the  magnetization  of  the 
medium  is  normal  and  that  in  wliich  it  is  in  the  sui^face.  In 
the  first  place,  it  is  e\ident  tliat  if  it  were  all  in  y  we  should 

have  a  -  7  «  0,  /3  -  2R,  and  the  coefficient  of  C  would  vanish 

d  d 

in   both  equations,  because  3^ "  5W  ^,    and    hence    we    get 

Mr.  Kerr's  result  (Phil.  Mag.,  March,  1878,  p.  174)  that  when 
the  plane  of  incidence  is  normal  to  the  lines  of  magnetic  force 
the  magnetizing  of  the  minor  produces  no  change  in  the 
reflected  lightf 

[*  Thif  saems  to  be  the  incipient  compressile  >vave  introduced  in  footnote, 
p.  66.] 

[t  Observe,  however,  that  the  velocity  of  propagation  ri,  rs,  or  «,  and  therefore 
alao  the  angle  of  refraction  r,  depends  on  C;  so  that,  although  there  is  no  magneto- 
optic  perpendicular  component  added  to  the  vibration,  there  is  change  of  amplitude, 
and  also  of  phase  in  metallic  reflection,  produced  by  tlie  magnetic  field.  These 
effects  have  been  calculated  for  this  case  by  Wind,  and  by  Leathern  {loc.  eit.  p.  66), 
and  their  theoretical  order  of  magnitude  verified  experimentally  by  Zeeman. 

As  the  velocity  of  propagation  is  changed  in  opposite  directions,  to  ri  and  vi,  for 
the  two  types  of  circularly  polarized  waves,  these  must  be  treated  separately  in  the 
analysis,  instead  of  taking  a  plane-polarized  wave  as  in  what  follows  in  the  text. 
Thus  the  next  two  results,  those  for  tbc  case  when  the  magnetization  is  normal  to 
the  surface,  require  alteration.  But  in  the  more  important  case  of  tangential 
magnetization,  which  is  the  one  afterwards  utilized  (p.  71)  to  compare  with  Kerr*a 
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Assuming,  then,  first  that  the  magnetization  is  normal  to 
the  sorbce,  we  have 

a.^.O,   7-SW,    and    ^-9»^, 
80  that,  calling  4irCKi9)t »  v,  our  equations  become 

rfs  ""  cfo  "  K 


(I) 


(H) 


\^s     dx)         dz 

*h^Ki   c^^     /^o— -^ 
(/s      K    (b        \   dz      dx)  ^ 

while  if  it  be  all  in  x — i.e.  in  the  intersection  of  the  plane  of 
incidence  and  the  surface, 

.-a».   0-T-O.    and    |.aR|. 

80  that  our  equations  are 

dz      dx      K  Ws      dxj        dx 

dill     ^1   <^i|        d^ 
dz      K    dz        dx  ^ 

I  shall  now  proceed  to  solve  these  two  systems  of  equations 
each  for  the  two  cases  of  waves  whose  magnetic  forces  |,  1),  f 
are  first  in  the  plane  of  incidence,  and  secondly  at  right  angles 
to  it  From  the  forms  of  the  equations  it  is  evident  that  we 
cannot  assume  either  the  reflected  or  refracted  rays  to  be 
similarly  polarized,  but  it  is  easy  to  convince  oneself  that  there 
can  be  no  difference  of  phase  introduced  in  this  case  any  more 
than  in  the  former  one  of  ordinary  reflection;  and,  as  I  then 
remarked,  it  is  evidently  a  question  of  greater  complication 
than  to  be  capable  of  being  deduced  from  the  simple  assumption 
that  the  alteiation  of  the  nature  of  the  medium  in  going  from 
one  into  another  is  abrupt.  Until  more  is  known  of  the  nature 
and  extent  of  this  change  I  fear  we  nmst  be  content  with 
theories  which  only  partially  represent  the  facts. 

eiperimenU,  the  result  comes  out  'p.  69)  identical  for  both  states  of  polarixation 
of  the  ray  and  is  thus  not  a&cted. 

The  extension  of  aU  tliis  analysis  to  metallic  reflection  is  made  by  simply  taking 
the  Tarions  physical  constants  to  be  complex  quantities.] 
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As  before,  I  shall  assume  f  1,  ifi,  Ci  to  be  due  to  the  inddeDt 
and  reflected  rays,  while  £,  i|,  (  are  due  to  the  refracted  ray. 
The  incident  raj  maj  be  taken  to  depend  upon  the  angle 

^i  •  r-  (f  -  s  cos  i  -  or  sin  f), 

calling  the  velocity  in  this  medium  unity,  and  the  reflected 
wave  on 

^'i  •  -r-  (<  +  s  cos  i  -  a?  sin  i), 
Ai 

as  it  is  easy  to  see  that  for  these  to  vanish  from  the  equations 
when  s  «  0  we  must  have  the  sines  of  the  angles  of  incidence 
and  reflection  equal ;  while  the  refracted  wave  must  be  taken  to 
depend  upon 

2ir 

^  «  —  (5<  -  s  cos  r  -  a:  sin  r), 

and  here  we  must  have,  as  before, 

H      1      sint     sinr 

and  this  involves,  as  before,  the  ordinar}'  laws  of  refraction,  as  t 
is  constant,  and,  in  general. 


tt,  therefore  ^4'- ««-^: 
\  uK  iuK  sm'i 


/uK '  /uK 

Taking  then  first  the  case  of  the  magnetization  being  all 
normal  to  the  surface  and  tlie  incidont  displacements  £,  n,  f 
in  the  plane  of  incidence,  we  must  evidently  assume 

£1  "di  cost  cos^i  -  61  cosi  cos^^,       £  =  a  cos  r  cos  ^, 

9i  -Ci  sin  ^'1,  ij  =c  sin ^,  \  -   -  (-^) 

Ji  •  -di  sint  COS01  -  6|  sin  i  cos  ^\,    ^  -  -  «  sin  r  cos  ^,  / 
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in  order  to  satisfy  the  equations 

dz"  dx  "  K\dz'  dx)'^      dz' 

dnx     K^ijn       f^dl     ^ 
&  "K  dz'^'y  d%  '  dx/ 

and  f  I « 5»  i?i  -  If- 

As  it  leads  to  inconsistent  results  I,  in  accordance  with  Fresnel, 
omit  the  third  equation,  Zi  •  (.  It  is  not  easy  to  justify  this 
omission,  I  fear,  and  the  result  must  do  so,  as  well  as  the 
consideration  that  probably  if  we  had  a  better  insight  into  the 
nature  of  the  change  from  one  medium  into  another  our  equa- 
tions would  be  so  modified  as  not  to  present  these  anomalies.* 

[*  The  ezplanation  of  the  inconsittencj  lies  in  the  assumptioii  that  there  ie  no 
tendency  to  produce  wayes  of  other  than  transvene  type  in  (,  i|,  (.  The  equations 
of  propagation  lead  to 

so  that  no  ware  of  compression  can  travel  in  an  infinitely  extended  uni/orm  medium. 
Bat  in  crossing  an  interface  where  the  uniformity  is  broken  there  may  be  a  ten- 
dency to  initiate  compressional  disturbance,  which  must  call  into  play  an  opposing 
internal  stress  in  the  media.  In  magnetized  media  the  discrepancy  in  the  text 
shows  that,  on  the  theory  there  adopted,  such  a  tendency  exists.  The  nullity  of 
the  compression  must  thus  be  explicitly  introduced  as  a  condition  of  constraint  into 
the  process  of  variation  of  the  Action,  leading  to  a  further  modification  of  the 
equations  of  propagation  by  the  presence  of  this  adjusting  internal  compressile 
stress.  If,  on  the  other  hand,  we  desire  to  retain  the  equations  of  the  text,  Maxwell's 
magneto-optic  energy  term  must  be  dropped,  and  instead  the  form  of  the  function 
Uf  which  expresses  the  potential  energy  of  the  medium  in  terms  of  (|,  iy,  f ),  must 
be  modified  by  inclusion  of  differential  coefficients  of  the  latter.  In  the  magnetic 
problem  these  are  with  respect  to  time,  thus  indicating  a  kinetic  origin  concerned 
with  the  exciting  magnetic  field ;  in  the  problem  of  quartz  they  are  spacial,  and 
so  indicate  an  intrinsic  structural  origin.  (See  Larmor,  **  On  the  Action  of  Mag- 
netism on  Light,"  Brii,  Auoe.  Report^  1893.)  It  has  been  proved  by  Leathem, 
Tram.  Camb.  Thii,  Soc.,  1897,  that  the  former  type  of  theory  is  inconsistent  with 
experiment.  The  latter  type  conserves  the  analytical  solution  developed  in  the  text ; 
the  investigation  has  been  extended  to  metallic  media  by  various  writers,  but  under 
this  logical  form  and  most  completely  by  Leathem,  FhiL  Trans.,  1897,  and  by 
Wind,  Arehivii  neirlandaUet,  1897,  or  Fhytieal  Riview^  vol.  vi,  and  has  been 
•bown  to  afford  a  good  correlation  of  the  great  mass  of  experimental  measurements 
which  have  been  accumulated  in  the  various  branches  of  this  subject] 
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From  the  last  equation  it  is  manifest  that  c  »  Ci,  and  as  v  is 
very  small  it  is  obvious  that  c  will  alwaya  be  small,  so  that  ini 
may  be  omitted  in  the  first  equation.  Putting  in  the  values  of 
^»  I},  C,  &c.,  and  remembering  that  when  2;  •  0,  ^1  «  ^'1  «  ^, 
these  equations  evidently  reduce  to 

{ox  +  &i)sin  t  -  — a  sin  r, 

Ml 

€i  sin  t  cos  t  -  -  —  Ci  sin  r  cos  r  — r—  a(l  +  cosV)sint, 

Ml  A 

(ai  -  &i)cos  t  »  a  cos  r ; 

.and  from  these  we  must  solve  for  a,  5,  and  c  in  terms  of  ai. 

However,  ^1,  the  component  introduced  at  right  angles  to 

the  original  plane  of  vibration  by  reflection,  is  the  only  one  of 

much  interest,  though  the  alteration  produced  in  the  values  of 

the  reflected  component  by  assuming  —  to  differ  from  unity  are 

noteworthy.    Calling  T  the  period  of  vibration  of  the  wave  we 

are  considering,  we  may  put  t  -  «;,  and  if  we  call  ~  «  x»  ^®  8®^ 

for  c  the  equation 

4irv     (1  ->-  cosV)  sin  i  sin  2t 

'  "  ""  rfr    '  (sin  2i  +  X  ®^^  2r)(8in  z  cos  r  +  x  cos  i  sin  r)' 

which,  if  X  "  1»  reduces  to 

4wv         (1  +  cosV)  sin't  cos  t 


^I  «  -  -7F-  «! 


T       sin^i  +  r)  cos(t  -  r)  sin  r 

In  the  second  case,  when  the  direction  of  tlie  \*ibration  of 
the  incident  ray  is  perpendicular  to  the  plane  of  incidence,  we 
must  evidently  assume 

$1  =  -  c,  cos  t  sin  ^'i,  5  =  c  cos  r  sin  ^, 

ijx  =  fli  cos  ^1  +  Ji  cos  ^'1,     ij«acos^,  j-  .  .  .  .  (B) 

5,  «  -  Ci  sin  i  sin  ^'1,  ^  «  -  r  sin  r  sin  ^, 

F  2 
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and,  as  before,  it  is  evident  that  c  is  generally  very  small,  so 
that  v^  and  y?  may  be  omitted,  and  our  equations  become 

dz      dx      K  \dz      dx)  dz' 

A  "  K"  A' 

and  when  the  values  above  are  introduced  into  them  we  obtain 

-  Ci  cos  t  »  c  cos  r, 
(ai  -  61)  sin  i  cos  i  =  «x  ^in r  cos  r, 

sinr       4iry     sin  t  cos  r 

"  <^l  *  ~  X  -: '•  ^  +  "TFT  ^  ' • 

'^  sm  t         T  sin  r 

Hence  we  get,  solving  for  Ci  in  terms  of  Ui, 

8irv  sin  2i  sin'i  cos'r 

T     ^  sin  r(sin  2i  +  x  ^^  2r)(6in  i  cos  r  +  x  sin  r  cos  i)' 

which,  when  x  "  1»  reduces  to 

ivv  sin  22  sin"i  cosV 

T     *  sinr  sin'(i  +  r) cos (t-r) 

Turning  now  to  the  case  where  the  magnetization  is  in  the 
surface,  I  shall  first  suppose  the  incident  vibration  to  be  in  the 
plane  of  incidence,  when  we  evidently  assume,  as  before,  equa- 
tions (A)  for  £1,  iji,  Zu  5, »/,  K ;  and  these  must  satisfy  the  equations 
(II),  and  in  addition 

As  before,  we  evidently  get  c  =  Ci,  and  from  the  second  equation 
of  (II)  see  that  c  must  be  small,  as  v  is,  and  consequently  we 
may  omit  vij  in  the  first  equation,  and  so  the  first  equation  ia 
the  same  as  before,  and  we  have 

(tti  +  6,)  sin  i  =  (f\  sin  /•, 

(fli  -  Ji)  cos  i  =  a  cos  r, 

.    .  .  2irv  .  , . 

Ci  sm  %  CCS  i  »  -  Ci  Y  sm  /•  cos  r  — =-  a  cos  r  sini, 
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whicl,  when  solved  for  Ci  in  terms  of  au  gives 


4ry  8in2t8in'tco8r 


T     *  (sin  2i-t-  X  ^  2r)(8in  icosr  +  xcos  isin  r)* 
which,  when  x  *  ^»  reduces  to 


2iry         sin  2t  sin'i  cos  r 


T       sin'(t  +  r)  cos  (t  -  r) 


Pinallj,  supposing  the  incident  \ibration  to  be  perpendicular 
to  the  plane  of  incidence,  we  have  ^1,  i|i,  d,  S,  ly,  (  determined 
Ijy  the  equation  (B),  which,  when  substituted  in  equations  (II), 
neglecting  vS  as  before  on  account  of  its  smallness,  give 


4irv  sin  2i  sinH*  cos  r 


T     *  (sin2i  +  xsin2r)(sintcosr+  x^^isinr)' 
which,  when  x  •  1»  reduces  to 

2iri»         sin  2i  sin'i  cos  r 


(?!-- 


T       sin'(i  +  r)  cos  (i  -  r) 


It  is  remarkable  that  in  this  case  the  two  components 
intaxKiuced  by  reflection  are  the  same,  whether  the  vibration 
be  in,  or  perpendicular  to,  the  plane  of  incidence. 

Comparing  this  method  of  obtaiuing  the  effects  of  reflection 
from  a  magnetized  surface  with  that  given  by  me  in  the 
Proceedings  of  the  Royal  Society  for  1876,  No.  176,  it  is  to 
be  observed  that  my  equations  (I)  and  (II)  aiX3  unaltered  if 
the  signs  of  v  and  1;  are  both  reversed  together,  or  if  those  of  v 
and  ^  and  (  are  all  reversed,  showing  that  a  circularly  polarized 
ray  in  one  direction  is  reflected  according  to  the  same  laws 
when  the  magnetization  is  one  way  as  the  opi)ositely  circularly 
polarized  ray  would  be  if  the  magnetization  were  reversed,  and 
hence  my  former  method  of  diN-iding  the  incident  plane 
polarized  ray  into  two  opposite  circularly  polarized  ones,  eadi 
of  which  was  reflected  according  to  its  own  law*s,  is  justified. 

In  comparing  these  expressions  with  the  results  of  Mr.  Kerr's 
admirable  experiments,  it  is  necessary  to  observe,  as  I  mentioned 
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before,  that  the  introduction  of  a  difference  of  phase  between 
the  reflected  components  is  a  question  of  a  different  order  from 
that  here  discussed,  and  probably  to  some  extent  at  least 
depends  on  the  want  of  abruptness  in  the  change  from  one 
medium  to  the  other.  For  instance,  my  expressions  give  no 
change  of  plane  of  polarization  when  light  is  reflected  normally 
from  the  end  of  a  magnet,  but  they  would  lead  one  to  expect 
that  the  only  effect  was  a  slight  elliptic  polarization,  the  major 
axis  of  the  ellipse  being  in  the  same  plane  as  the  original  plane 
of  polarization.  Now  Mr.  Kerr's  experiments  show  that  there 
is  some  rotation  of  this  plane  by  reflection,  and  a  supposition 
similar  to  one  long  ago  proposed  to  explain  the  known  elliptic 
polarization  of  metallic  reflection — namely,  that  the  efQcient 
reflecting  surface  has  some  depth — may  easily  be  shown  to  lead 
to  Mr.  Kerr's  result.  On  this  hypothesis  the  reflected  ray  is 
the  resultant  of  the  rays  reflected  from  a  small  thickness  at  the 
surface  of  separation  of  the  media ;  and  in  the  case  of  normal 
reflection  from  the  end  of  the  pole  of  a  magnet,  each  of  these 
components  would  be  slightly  turned  from  its  original  plane  of 
polarization  owing  to  having  passed  through  a  veiy  small 
thickness  of  a  very  powerful  rotatory  polarizing  substance — 
namely,  this  superficial  layer  of  the  magnet — hence  it  is  evident 
that  their  resultant  would  no  longer  be  polarized  in  the  same 
plane  as  the  incident  ray.  I  only  give  this  as  an  instance  of 
how  this  question  of  a  difference  of  phase  affects  the  results,  and 
how  the  hypotheses  that  have  been  framed  to  explain  it  might 
be  used  to  briug  my  results  into  complete  accord  with  Mr.  Kerr's 
experiments.  I  hardly  think  it  worth  while  going  into  this 
more  fully,  as  it  is  treading  so  closely  upon  imknown  ground — 
namely,  the  connexion  between  matter  and  ether — that  our 
hypotheses  are  to  a  great  extent  merely  conveniences. 

Another  question  is  the  extent  to  which  ^  affects  ordinary 
reflection  from  a  powerfully  magnetic  substance  like  iron.  I 
have  never  come  across  any  experiment  tending  to  show  that 
the  reflection  from  iron  was  at  all  peculiar.  This  may  be  owing 
to  the  electrostatic  inductive  capacity  being  a  characteristic  of 
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the  ether  in  the  matter,  while  magnetic  inductive  capacity  is 
a  characteriitio  of  the  matter,  and  so  only  affects  the  wave- 
propagation  in  a  secondary  degree — i.  e.^  only  to  the  extent  to 
which  ether  motions  are  transformed  into  cun*ents  in  or  motions 
of  the  matter.  The  same  applies  to  the  opacity  of  the  medium, 
which  is  similarly  due  to  an  exchange  of  energy  between  the 
ether  and  the  matter.  The  function  Professor  Maxwell  assumes 
to  represent  the  effect  of  magnetization  on  wave-propagation  is 
an  expression  of  the  same  hypothesis.  In  comparing  my  equa- 
tions with  Mr.  Kerr's  results  I  shall  consequently  assume  x  "  ^* 
Mr.  Kerr's  most  elaborate  experiments  have  been  made  witii 
the  lines  of  magnetic  force  in  the  intersection  of  the  surface  of 
the  mediimi  and  the  plane  of  incidence  *  and  I  shall  confine  my 
attention  to  this  case.  My  equations  give  tliat  the  principal 
effect  of  reflection  is  to  introduce  a  component  perpendicular 
to  the  original  plane  of  polarization  whose  amplitude  is  repre- 
sented by  the  equation 


c  ■  - 


2irv       sin  2t  sin't  COST 
T     sin'  (i  +  r)  cos  (t  -  r) 


when  the  amplitude  of  the  incident  Wbration  is  unity. 

The  following  table  represents  the  values  of  the  variable 
part  of  this  for  the  several  incidences  mentioned  by  Mr.  Kerr 
in  his  paper.  This  table  is  calculated  on  the  assumption  that 
73^  is  the  polarising  angle  for  iron. 


f    B 

0 

30** 

45** 

60" 

es" 

75* 

S0» 

85** 

90*» 

tin  2t8in't  cotr 

0 

•6272 

1 

,OAAA  .1  .n/\A4 

10058 

•9000 

•7554 

•4904 

0 

•in'  (f  ■¥  r)  c<w  (t  -  r) 

1 

I    MMMt 

This  table  shows  that  the  intensity  of  this  introduced 
component  vanishes  for  the  two  limiting  incidences  0°  and  90**^ 
and  attains  a  maximum  value  of  1-0067  at  about  63"  20'.  On 
comparing  this  with  Mr.  Kerr's  results  there  is  a  most  striking 

*  Phil.  Mng  ,  March,  1878. 


J 2  The  EUctrtnnagnetU  Theory  of  thi         [1878 

correspondence.  Summing  up  the  results  of  his  paper  on 
reflection  from  a  surface  which  is  magnetized  so  that  the  lines 
of  force  are  in  the  surface  and  the  plane  of  incidence  (PhiL 
Mag.,  March,  1878,  §  23),  he  says:  ''When  the  vibration 
reflected  from  the  unmagnetized  mirror  is  either  parallel  or 
perpendicular  to  the  plane  of  reflection,  the  eflTect  of  magneti- 
zation is  to  introduce  a  new  and  very  small  component  vibration 
in  a  direction  perpendicular  to  the  piimitive  vibration."  This 
is  what  I  have  called  c.  He  goes  on  to  define  its  direction 
relatively  to  the  Amperean  currents  which  are  supposed  to 
produce  the  magnetic  force ;  but  as  the  sign  of  c  depends  on  the 
sign  of  V,  and  thus  on  that  of  C,  which  cannot  be  certainly 
determined  for  iron  otherwise  than  by  these  very  experiments, 
any  confirmation  founded  upon  it  such  as  I  mentioned  in  my 
former  paper  is  to  a  certain  extent  illusory ;  but  the  same 
arguments  as  are  there  used  would  lead  to  the  same  conclusion 
here — namely,  that  iron,  if  transparent,  would  behave  like 
those  ferromagnetic  substances  observed  by  Verdet,  which 
rotate  the  plane  of  polarisation  in  the  opposite  direction  to 
the  Amperean  currents,  as  is  of  course  most  probable.  He 
further  mentions,  in  §  24,  that  the  phase  of  this  component  is 
always  nearly  the  same  as  that  of  the  component  of  the  reflected 
ray  polarized  in  the  plane  of  incidence.  This  question,  however, 
of  difference  of  phase  is  one  I  am  not  at  present  prepared  to 
explain,  and,  as  I  have  mentioned  already,  must  await  a  more 
comprehensive  theory.  Considering  next  the  intensity,  of  course 
no  very  accurate  measures  were  possible  on  account  of  the 
minuteness  of  the  phenomenon ;  but  he  several  times  remarks 
that  all  efiects  of  magnetization  vanished  at  normal  and  grazing 
instances,  while  his  maximum  effects  were  always  obtained  at 
incidences  of  about  60*^  or  65°.  The  anomalies  observed  con- 
nected with  the  incidence  75®  all  belong  to  the  question  of 
the  difierence  of  phase  between  the  components,  which  my 
investigation  does  not  touch.  On  the  whole  then  I  think  that 
my  results,  as  far  as  they  go,  are  in  complete  accordance  with 
Mr.  Kerr's  experiments. 
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This  investigation  is  put  forward  as  a  confirmation  of 
Professor  Maxwell's  electromagnetic  theory  of  light,  in  which, 
though  there  are  some  points  requiring  further  investigation, 
nevertheless  the  foundation  lias  certainly  been  laid  of  a  very 
great  addition  to  our  knowledge,  and  if  it  induced  us  to 
emancipate  our  minds  from  the  thraldom  of  a  material  ether 
might  possibly  lead  to  most  important  results  in  the  theoretic 
explanation  of  nature. 
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NOTE  ON  SURFACE   TENSION 

[From  the  BrxtuK  At$oeiatian  Biport,  1878.    See  No.  6  tuprmJ] 

ASSUMINO  that  the  constant  difTerence  of  electric  potential  at  the 
junction  of  two  dissimilar  fluids  is  due  to  a  tendency  towards 
some  chemical  combination  of  the  two,  it  is  easy  to  see  that  if  x 
be  the  electrical  charge  corresponding  to  each  electrochemical 
equivalent,  which  is  the  same  for  all  bodies,  and  if  n  be  the 
number  of  such  equivalents  in  presence  of  one  another  per  unit 
of  surface,  and  if  6  be  the  difference  of  potential  of  contact,  then 
there  is  a  potential  energj"  per  unit  of  surface  =»  n^i,  and  this 
must  be  the  superficial  tension  if  it  be  all  due  to  this  cause,  as 
M.  Lippmann's  recent  experiments  seem  to  show.    Hence 

T  «  71X€. 

If  c  be  assumed  about  *!  of  a  volt,  and  T  =  0*8  granunes  per 
centimetre,  as  it  is  in  the  case  of  water,  it  is  possible  to  calculate 
the  thickness  of  the  superficial  layer  which  contains  molecules 
which  act  upon  one  another,  and  the  result  is 

0  "  7*8  X  10"'  of  a  centimetre, 

which  approximates  towards  the  quantities  obtained  by  other 
methods. 
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ON  THE  THEORY  OF  MUSCULAR  CONTRACTIOBT 

[From  the  Briti$h  Auoeiation  Report,  1878.    See  No.  6  tupra,'] 

Assuming  a  muscle  to  consist  of  fibriles  averaging  g  ^^  ^^th  of  a 
centimetre  in  diameter,  and  that  they  may  be  treated  as  a 
system  of  elongated  cylinders  of  fluid  with  a  superficial  ten- 
sion capable  of  variation  by  the  action  of  nervous  stimuli  in 
accordance  with  M.  Lippmann's  experiments  on  the  relations  ' 
of  electrical  difference  of  potential  to  the  superficial  tension  of 
fluids,  it  may  be  shown  that  a  force  of  four  kilogrammes  per 
square  centimetre  might  be  produced,  which  approximates  to 
the  observed  maximum  contractile  force.  The  striations  in 
striated  fibre  are  accounted  for  by  the  instability  of  uniform 
fluid  cylinders;  the  necessity  for  a  continual  stimulus  to  keep  up 
a  given  contraction  by  the  constant  repairs  going  on  in  living 
muscle;  and  the  heating  of  a  muscle  when  it  contracts  is 
completely  explained  by  the  fact  that  all  fluid  surfaces  heat 
when  they  are  allowed  to  contract  under  the  action  of  their 
superficial  tension. 
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ON  THE  SUPPORT  OF  SPHEROIDAL  DROPS  AND 

ALLIED  PHENOMENA* 

[From  the  Britiih  Aisociation  Report,  1878.     See  Noe.  4,  5  fiipr«.] 

The  authors  give  an  account  of  several  investigations  and 
ezperimentsf  made  by  them  during  the  past  year  upon  the 
unequal  stresses  which  arise  in  gas  when  polarized,  that  is,  in 
which  the  molecular  motions  are  not  alike  in  all  directions,  and 
especially  in  the  case  where  the  polarization  arises  from  heat 
traversing  the  gas,  as  within  radiometers,  and  in  the  gaseous 
layers  which  support  spheroidal  drops,  those  which  protect  the 
hand  from  a  dangerous  burn  when  dipped  into  melted  metal, 
and  many  others.  In  such  cases  the  molecular  motions  are  not 
alike  in  all  directions,  and  cause  the  stress  within  the  gas  directed 
across  the  layer  to  exceed  the  transverse  stresses  by  an  amoimt 
which  may  be  called  the  Crookes's,  or  polarization,  stress. 

The  investigation  of  this  stress  by  a  direct  mechanical  con- 
sideration of  the  molecular  motions  had  been  much  facilitated 
by  employing  the  conception  of  a  tube  placed  across  the  layer, 

*  Conjointly  with  G.  Johnstone  Stoney,  M.A.,  F.R.S.  and  Richard  J.  Moes, 
Keeper  of  the  Minerals  in  the  Museum  of  Science  and  Art,  Dublin. 

t  See  the  foUou-ing  memoirs : — *'  On  some  Remarkable  Instances  of  Compressed 
Strata  of  Polarized  Gas  at  Ordinary  Atmospheric  Tensions,*'  by  G.  Johnstone 
Stoney  (Scientific  Proceedings  of  the  Royal  Dublin  Society,  toI.  i,  p.  53 ;  Phil. 
Mag.,  June  1878,  p.  461),  **0n  the  Spheroidal  State,*'  by  Richard  J.  Moss 
(ScientiBc  Proceedings  of  the  Royal  Dublin  Society,  rol.  i,  p.  83).  "On  the 
Mechanical  Theory  of  Polarization  Stress  in  Gases,"  by  G.  Johnstone  Stoney 
(Scientific  Transactions  of  the  Royal  Dublin  Society,  vol i,  memoir  6).  "On  the 
Mechanical  Theory  of  Crookes's  Force,"  by  George  F.  Fitz  Gerald  (Sciflntifie 
Tnmiactions  of  the  Royal  Dublin  Society,  vol.  i,  memoir  6). 
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oIoBed  at  the  ends  by  patches  of  the  heater  and  cooler,  and  with 
sides  that  reflect  molecules  by  the  same  law  that  a  polished 
surface  reflects  light.  By  employing  this  conception,  Mr.  Stoney 
YksA  shown  that  for  small  differences  of  temperature,  and  with  a 
beater  and  cooler  that  are  large,  flat,  parallel,  and  at  a  fixed 
distance  asimder,  the  polarization  stress  will  vary  nearly  as 

pr 

where  O  is  the  flow  of  heat,  P  the  tension  of  the  gas,  and  T  its 
temperature  from  absolute  zero. 

By  a  wholly  different  method,  first  suggested  by  Mr.  Fitz- 
Gerald  in  a  letter  to  Nature,  which  consists  in  calculating  the 
transverse  stress  in  the  same  way  as  Clausius  has  calculated  the 
stress  across  the  layer,  Mr.  Stoney  had  obtained  the  following 
BTmbolical  expression  for  the  difference  between  these  stresses, 
that  is,  for  the  polarization  stress  : 


ii'|*|/f^(3M*-l)diu. 


where  11  is  the  cosine  of  the  angle  made  by  the  path  of  a  molecule 
with  the  normal  to  the  layer,  /the  proportion  of  molecules  moving 
at  that  angle,  and  V^  the  mean  of  the  squares  of  their  velocities. 

By  applying  the  same  method  of  investigation  to  the 
general  case  of  gas  polarized  in  any  way,  Mr.  Fitz  Gerald  had 
obtained  the  expressions  for  the  most  general  stresses  that  can 
arise,  radial  and  tangential,  and  had  shown  them  to  be  identical 
in  form  with  the  corresponding  equations  given  by  Maxwell  in 
his  electromagnetic  theoiy  of  light. 

And,  finally,  by  attending  to  the  conditions  indicated  by  the 
theory,  Mr.  Moss  had  succeeded  in  keeping  spheroidal  drops  in 
existence  for  upwards  of  an  hour  and  a  half,  and  had  ascei1;ained 
that  spheroidal  drops  may  be  supported  in  air  devoid  of  vapour. 
This  last  very  important  confirmation  of  the  theor}'  was  estab- 
lished byexperiments  on  melted  paraffin,  at  temperatures  at  which 
separate  experiments  had  shown  that  no  evaporation  could  be 
detected  after  a  prolonged  exposure  of  the  paraffin  in  vacuo. 
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ON  M.  DUTER'S  EXPERIMENTS  ON  ELECTRIC 

A.CCUMTJLA.TORS 

[From  the  ScwUi/tc  Proeeedingi  of  the  Royal  Dublin  Soeisiy. 

Bead  February  17,  1879.] 

M.  DxjTER  has  shown  by  his  experiments,  as  published  in  the 
Comptes  Eendus,  November  1878,  vol.  87,  p.  828,  that  when  an 
electric  acciimidator  is  charged  there  is  an  increase  in  volume  of 
the  dielectric. 

I  propose  to  show  that  a  portion,  at  least,  of  this  effect  must 
be  due  to  the  known  laws  of  electric  action,  but  a  number  of 
quantitative  experiments  would  be  required  in  order  to  prove 
that  the  whole  effect  was  due  to  the  cause  I  am  about  to 
mention. 

In  order  to  simplify  the  treatment  I  will  take  the  case  of  a 
spherical  accumulator  of  internal  radius  a,  and  external  b.  For 
the  equilibriimi  of  this  shell,  the  pressures  inside  and  out  must 
bear  a  certain  proportion  to  one  another  if  it  is  to  remain 
undeformed.  If  we  consider  the  equilibrium  of  the  semi-shell 
supporting  inside  a  pressure  P,  and  outside  p,  while  along  the 
edge  thei'e  is  a  tension  T,  we  must  have 

showing  that  unless  P  and  p  are  to  one  another  inversely  as  the 
areas  on  which  they  act,  there  must  be  either  enlargement  or 
contraction  of  the  shell,  as  its  surface  must  be  either  in  tension 
or  compression. 

Now,  the  superficial  pressures  produced  when  the  shell  is 
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made  into  an  electric  accumulator  are  by  no  means  inversely 
proportional  to  the  areas.  If  the  external  surface  be  at  potential 
zero,  we  have  the  following  expression  for  the  potential  at  any 
point  in  the  dielectric  at  a  distance  r  from  the  centre  when  the 
<}aantity  of  electricity  on  the  inside  is  Q : — 


<-^) 


Q 
Hence  the  electric  force  F  «  -t>  and  this  produces  a  pressure 


on  the  ine&de 

4jr      4jro* 

and  on  the  outside 

^  ■  4»  "  4>ri*" 

Hence  Pa^ « j9&*, 

or  the  pressures  vary  inversely  as  the  squares  of  the  areas  on 
which  they  act 

From  this  it  is  easy  to  calcidate  the  tension  in  the  shell, 


a' 


T-  P  — • 

Now,  if  we  call  fl  =  6  -  a  the  thickness  of  the  shell,  we  get 

Nab 


Q- 


«  ' 


and  consequently  T  «  j^s  * 

So  that  when  charged  to  a  given  potential,  the  tension  of  the 
shell  varies  inversely  as  the  square  of  its  thickness.  IL  Duter 
observed  (see  Comptes  Rendus,  vol.  87,  p.  1036)  that  the  enlarge- 
ment varied  inversely  as  the  square  of  the  thickness  of  the 
accumulator,  and  as  the  extension  of  the  shell  would  be  generally 
proportional  to  its  tension,  it  is  reasonable  to  conclude  that  the 
effect  M.  Duter  obsei'ved  is  due  to  the  cause  I  mention. 

[*  These  pressures  should  be  halTed.] 


8o  Electric  Deformation  of  Accumulators      {[  1 879 

Part  of  the  effect  in  actual  accumulators  may  be  due  to 
deformations  of  the  surface,  which  tend  to  make  it  more 
spherical  In  the  case,  however,  of  an  ellipsoidal  surface,  the 
tensions  on  the  ends  are  so  very  much  greater  than  elsewhere 
that  it  does  not  seem  likely  that  it  would  tend  to  become  more 
spherical* 

Note. — Mons.  D.  J.  Korteweg,  in  the  Comptes  Bendus,  No.  7, 
17th  February,  1879  (the  same  day  as  the  above  communication 
was  read),  gives  the  same  explanation  as  I  have  given,  and, 
besides,  he  mentions  that  he  has  made  experiments  showing 
that  it  is  quantitatively  a  sufficient  one. 

[♦  On  thij  subject  of  electrostriction,  which  has  been  ^ery  ftUlj  derdoped  in 
recent  years,  see  Larmor,  Phil.  Trans.  1877  A,  pp.  280-4  and  291-6 ;  also  Sacerdote, 
Journal  de  Fhysique,  1901,  which  contains  a  discussion  of  recent  experimental 
developments  and  yerifications.] 
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ON  THE  MAXIMUM  TENSION  OF  VAPOUES  NEAR 

CURVED  LIQUID  SURFACES 

[From  the  Seienti/Sc  FroendinffM  ofth^  Royal  Duilin  SoeiHf. 

Read  June  26,  1879.] 

In  the  year  1870,  Sir  William  Thomson  pointed  out,  in  the 
Proceedings  of  the  Royal  Society  of  Edinburgh,  that  the 
maximimi  tension  of  vapoui*  near  a  curved  liquid  surface  must 
l)e  different  from  that  near  a  flat  one. 

I  have  not  come  across  any  reference  to  an  explanation  of 
this  fact,  and  propose  the  present  one,  though  it  is  so  obvious 
that  I  fear  it  must  have  been  proposed  before. 

It  is  generally  received  that  the  tension  of  vapour  in  contact 
with  its  liquid  attains  equilibrium  when  the  numlier  of  molecules 
emitted  by  the  liquid  per  unit  of  time  per  unit  of  surface  is 
equal  to  the  number  of  those  admitted  similarly.  Hence  any 
cause  which  tends  to  increase  the  former  and  decrease  the  latter 
must  increase  the  tension. 

In  estimating  the  nimibers  of  molecules  emitted  from  a 
spherical  drop  I  shall  assume  that  they  are  emitted  from  all 
points  of  a  stratmn,  of  a  very  small  depth,  and  that  the  number 
of  those  emitted  in  a  particular  direction  from  a  point  is  a 
function  of  the  distance  they  have  to  travel  inside  the  stiatunL 

Let  a  be  the  radius  of  the  drop,  and  b  the  length  of  the 
radius  to  the  emitting  point,  which  is  less  than  a  by  the  very 
small  quantity  t  which  is  the  depth  of  the  emitting  point  below 
the  surface  of  the  drop.  Let  v  be  the  distance  from  the  end  of 
h  to  any  point  on  the  surface,  and  let  /(v)  represent  the  propor- 
tion emitted,  which  traverse  a  length  v  in  the  stratum ;  then  the 
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number  emitted  from  the  depth  t,  in  the  directions  between  v  and 
V  +  dv^  may  be  written 

m'^vf(v)dvdt.^ 

If  we  integrate  this  all  round  the  point  we  have,  calling 

lvf{v)dv  -  n^,     SN  -  -J-  n^dt, 

where  of  course  n^  is  a  function  of  ^.  It  is  to  be  observed  that 
/  (i;)  must  be  of  such  a  nature  as  to  vanish  for  all  values  of  v 
which  exceed  a  very  small  amount 

Even  though  f{v)  were  a  fimction  of  the  angle  v  makes  with 
the  normal  to  the  surface,  it  is  evident  that  it  might  be  expanded 

in  powers  of  -,  since  v  is  very  small  compared  with  a;  and 

Cv 

hence  the  final  form  of  N  woidd  be  unaltered 

,       •       fl  t 

Now  a  -  6  =  ^ ;  therefore  r  «  1  +  - ,  q.  p.,  since  a  is  very 

large  indeed  compared  with  t ;  so  that  calling 

No  =  27r  /  n^dt,     and     Not  «  2ir  JtIo  tdt^ 

both  these  integrals  being  taken  between  ^  «  0  and  t  »  that 
small  value  for  which  ii^  must  vanish,  we  get 


N.N.(l.n 


Similarly,  for  the  particles  entering  from  a  small  distance 
outside,  N'.N'ofl-*\ 

[*  It  is  not  obvious  how  this  is  obtained.    II 0  is  the  angle  between  v  and  /, 
the  total  number  emitted  per  unit  area  from  the  spherical  dxx>p  seems  to  be 

JJ/(r) .  2»  sin  tf  £i»  /  4» .  Awb-db  /  4wa\ 

where  a*  »  *»  +  f>'  +  2*»  cos  0 ; 

^.thatiti.     ij;(i-i.)<ftp./wj(i-i)-i4j. 

The  last  term,  depending  on  the  absolute  size  of  the  drop,  is  negligible,  to  the 
result  becomes 


*f'(^41)*C'-'^('""'- 


The  correction  is  thus  proportional  to  the  curvature  a*',  as  might  have  be<*n 
assumed  a  priori,  and  the  final  formuhe  of  the  text  are  justified.] 
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Now,  No  and  N^^  are  obviouslj  the  numbers  lea\'ing  and 
entering  the  surface  when  it  is  plana  Hence,  we  get  that  the 
number  of  molecules  leaving  is  greater,  and  of  those  entering 
less,  than  in  the  case  of  a  plane  surface. 

This  is  obvious  geometrically,  because  to  a  path  of  given 
length  in  the  emitting  stratum  there  corresponds  a  greater 
angular  aperture  for  emission  in  the  case  of  the  spherical 
surface  than  in  that  of  the  plane. 

If  we  now  suppose  that  the  number  entering  the  plane 
surface  is  proportional  to  the  tension  oiq  of  the  vapour  in  contact 
with  it,  so  that    N'o «  Eocoo, 

we  have     N'«Kiiio  =  KoWo(l  — );  theref  ore  K  -  K©  ( 1  -  - ), 
80  that  if  the  tension  near  the  bent  surface  becomes  «i  the 
number  N'  entering  from  it  becomes  Kw  -  Eob»  ( 1  -  - 1. 

This  must  be  equal  to  N  when  there  is  equilibrium;  and 
No «  N'o  if  Clio  be  the  tension  corresponding  to  the  flat  surface;* 
Bothatweget  ,      j.  .      j. 


or  01  «  (i>o 


(-?) 


Hence,  we  see  that  tlic  mojcimuvi  tension  near  a  curved 
surface  exceeds  that  near  a  plane  by  a  quantity  which  varies 
inversely  as  the  radiics  0/  curvature  of  the  surface :  and  this  is  the 
same  law  as  Sir  William  Thomson  arrived  at. 

In  order  to  utilize  this  formula  for  measurements  of  surface 
tension  it  would  be  necessar}'  to  know  something  about  the  law 
of  emission  and  rates  of  evaporation.  It  might  be  possible  to 
determine  something  about  the  latter  by  observing  under  a 
microscope  the  rates  of  evaporation  of  drops  of  various  sizes,  and 
by  that  means  estimating  k, 

[*  The  procedure  is,  the  output  and  intake  inToWe  factors  depending  on  th* 
cunrature,  which  are  determined  by  molecular  considerations:  the  intake  if  alto 
proportional  to  the  vapour  tension  :  equating  intake  to  output  at  the  curred  aur&oe 
with  its  modified  vapour  tension,  and  also  at  a  flat  surface  with  the  normal  tenaioD, 
we  obtain  auffident  equations.] 

G  2 
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NOTE  ON  THE  CONDUCTn'ITY  OF  TOUEMALINE 

CEYSTALS 

[From  the  SeUniifie  Proeetdingt  of  th$  Eoyal  Lublin  Soeietjf. 

Read  January  19,  1880.] 

In  the  Philosophical  Magazine  for  July,  1879,  Professor  Sylvanus 
Thompson  and  Dr.  Oliver  Lodge  give  the  results  of  some  very 
interesting  experiments  upon  the  imilateral  conductivity  of  tour- 
maline crystals  for  heat  and  electricity.  Dr.  Lodge  had  shown 
that  an  explanation  of  pyro-electricity  might  be  given  if  such 
crystals  possessed  a  imilateral  conductivity  for  electricity.  A 
body  is  said  to  possess  unilateral  conductivity  for  anytliing  if  it 
conducts  better  in  one  direction  than  in  the  opposite  one ;  as,  for 
example,  a  tube  with  a  series  of  funnels  in  it  all  turned  the  same 
way  for  fluids,  and  apparently  in  the  case  of  Geissler*s  tubes  for 
electricity  also.  The  result  of  their  experiments  was  that  tour- 
maline crystals  do  possess  a  unilateral  conductivity  for  heat  as 
Uynff  as  their  temperature  is  variable ,  and  similarly  for  electricity 
as  long  as  the  temperature  varies.  The  first  of  these  facts  is  an 
important  and  valuable  increase  of  our  knowledge,  but  the  latter 
as  they  point  out  is,  of  course,  only  due  to  the  already  known 
electromotive  foitje  which  constitutes  their  pyro-electricproperties. 
They  seem  to  have  been  dissatisfied  with  these  results,  for  they 
had  hoped  to  discover  unilateral  electric  conductivity  indepen- 
dently of  changes  of  temperature.  They  do  not  seem  to  have 
noticed  that  what  analogy  should  have  led  them  to  look  for 
was  unilateral  conductivity  during  changes  of  intensitg  of  the 
current.  It  is  to  be  hoped  that,  as  they  possess  a  very  fine 
specimen  of  tourmaline,  they  will  continue  their  investigations 


1 886]        Conductivity  of  Tourmaline  Ctystals  85 

into  this  point  In  the  meanwhile  it  maj  be  worth  noticing  a 
mechanical  illustration  of  how  this  might  be  connected  mth 
pyro-electricily.  Suppose  a  wire  carrying  a  current,  surrounded 
by  a  number  of  magnets,  and  that  a  majority  of  them  pointed 
in  one  direction  round  the  ^vire,  and  that  each  was  kept  in  its 
place  by  a  spring.  On  passing  a  cun^nt  throu^  the  wire, 
all  the  magnets  that  did  not  poiat  round  it  in  a  particular 
direction  would  tend  to  set  themselves  in  this  direction,  and 
during  changes  of  intensity  of  the  current  work  would  be  done 
against  or  by  the  springs.  If  the  current  passed  in  such  a 
direction  that  the  majority  of  the  magnets  were  set  so  as  to 
remain  unchanged,  there  would  be  less  work  done  by  changes  of 
intensity  than  if  the  current  were  id  the  opposite  direction,  and 
this  would  give  rise  to  an  apparent  imilateral  conductivity.  I 
say  **  apparent,"  because  the  weakening  of  the  current  is  due  to 
an  inverse  electromotive  force,  and  not  to  a  true  increase  of  the 
resistance.  The  same  efTect  would  be  produced  by  supposing  a 
majority  of  the  magnets  tiuned  in  the  some  direction  along  the 
wire,  and  kept  in  possession  by  two  springs,  one  on  each  side, 
but  one  stronger  than  the  otlier,  when  of  course  a  current  would 
have  to  do  more  work  in  turning  them  to  one  side  than  to  the 
other,  so  that  in  this  ease  also  thei*e  would  be  appai*ent  imilateral 
conductivity  during  variations  of  the  current 

Now,  suppose  that  the  proportion  of  polarized  magnets  or 
their  strength  depended  on  the  temperature  of  the  system.  It 
is  then  evident  that  during  changes  of  temperature  there  would 
be  changes  in  the  numbers  or  strengths  of  the  polarized  magnets ; 
either  would  produce  an  electromotive  force  in  the  wire  during 
the  change.  Hence  the  phenomena  of  pjTo-electricity  would  be 
manifested  by  such  a  system.  I  put  these  forward  merely  as 
illustrations,  not  supposing  that  the  structure  of  tourmaline  is 
necessarily  at  all  like  either  of  them,  but  there  are  generally 
great  analogies  between  different  systems  exhibiting  the  same 
phenomena,  and  an  illustration  gives  us  a  concrete  stepping- 
stone  to  found  our  conceptions  on  during  the  difficiUt  transit 
to  the  abstract 
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The  passage  of  a  current  through  an  iron  wire  is  accompanied 
by  the  production  of  a  series  of  magnetic  elements  round  it,  and 
the  effect  of  this  has  been  noticed  as  causing  an  apparent  change 
of  resistance  during  changes  of  the  current;  but  as  there  is  no 
want  of  symmetry  in  the  wire,  there  is  no  apparent  unilateral 
conductivity. 
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NOTE  ON  THE  CONSTRUCTION  OF   GUABD-RING 

ELECTROMETERS 

[From  the  BtuMyfie  Froueding^  of  the  Royal  Dublin  SoeUtp. 

Reftd  January  19,  1880.] 

GuABD-RiKG  electrometers  have  usually  been  constructed  with 
an  aluminium  disk,  for  the  sake  of  lightness,  surrounded  by  a 
^2:uard-ring  of  brass.  It  is  essential  for  the  accuracy  of  the  calcu- 
lation of  the  absolute  values  of  capacity  and  quantity  made  with 
them  that  the  electricity  should  be  as  uniformly  distributed  aa 
possible  on  the  surface  of  the  disk  and  guard.  It  is  for  the  sake 
of  producing  a  uniform  distribution  on  the  disk  that  the  guard 
is  added.  Hence  any  arrangement  which  disturbs  this  unifor- 
mity of  distribution  is  to  be  avoided.  Now,  whether  the  contact 
of  dissimilar  metals  in  itself  produces  an  appreciable  difference 
of  potential  between  them,  or  whether  it  is  the  air  near  different 
metals  that  is  at  different  potentials,  there  is  no  doubt  that 
when  the  plates  of  an  accumidator  ai-e  of  different  metals  there 
is  an  appreciable  accumulation  of  electricity  upon  them.  Con- 
sequently, in  the  guard-ring  electrometer,  the  distribution  of 
electricity  on  the  alimiinium  disk  cannot  be  the  same  as  on 
the  brass  guard  connected  with  it.  It  might  seem  as  if  the 
other  plate  shoidd  also  be  of  the  same  material,  but  as  it  is 
generally  easy  to  apply  the  diffei^ntial  method  of  measurement, 
a  constant,  even  though  imknown,  difference  of  potential  between 
the  plates  is  of  no  consequence. 
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NOTES  ON  FLITORESCENCE 

[From  the  Sdtntific  Froceedinyt  of  the  Boyal  Dublin  SociHy. 

Read  Hay  19,  1880.] 

The  object  of  this  note  is  to  call  attention  to  the  fact  that,  if 
a  fluorescent  body  be  heated  sufficiently,  it  must  cease  to  be 
fluorescent. 

The  method  by  which  I  arrived  at  this  conclusion  was  very 
cumbrous,  and  when  the  note  was  communicated  to  the  Boyal 
Dublin  Society,  Dr.  Stoney  pointed  out  that  a  great  simplifica- 
tion might  be  effected  by  using  the  method  of  proof  ordinarily 
employed  to  show  that  the  emissive  and  absorptive  powers  of  a 
body  are  equal  for  each  separate  ray.  In  fact,  fluorescence 
consists  in  a  body's  absorbing  rays  of  one  refrangibility  and 
emitting  them  at  another,  and  consequently  for  these  absorbed 
rays  the  emissive  power  of  the  body  cannot  be  equal  to  its 
absorptive  power.  The  proof,  however,  assumes  that  the  bodies 
are  at  the  same  temperature,  and  does  not  apply  to  any  cases  of 
fluorescence  actually  observed. 

Let  A,  be  the  absorption  of  an  ordinary  unfluoi-escent  body, 
and  E,  its  total  emission,  and  E,  its  reflection  of  rays  that  do  not 
produce  fluorescence  in  the  other  body ;  and  let  A„  E„  and  R^ 
be  its  absoq)tion,  emission,  and  reflection  of  rays  that  do  pro- 
duce fluorescence.  For  the  fluorescent  botly,  let  a„  e„  and  r,  be 
the  corresponding  quantities  for  the  non-fluorescent  rays,  and 
«»,  ^r»»  <^v»  and  }\  for  the  fluorescent  rays ;  e,^  represents  the  rays 
absorl)ed  as  fluoi*escent;  but  emitted  as  non-fluorescent. 

Now,  suppose  the  two  bodies  to  be  spread  over  two  infinite 
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parallel  planes  with  perfectly  reflectiug  surfaces,  so  as  to  avoid 
the  necessity  of  considering  transmitted  rays,  then  for  the  non- 
fluorescent  body  we  must  have 

A,  -  E,  -  R„    and    A,  =  E,  -  R, ; 

for  the  absorbed  rays  must  be  tlie  difference  between  the  total 
emission  and  the  reflection,  as  otherwise  the  temperature  would 
change ;  and,  as  there  is  no  alteration  of  ref rangibility  in  this 
case,  it  must  be  true  of  each  ray  separately. 

In  the  case  of  the  fluorescent  body  we  must  have 

t.e.,  the  absorbed  non-fluorescent  rays  must  be  the  difterenoe 
between  the  emitted  and  reflected  ones,  and  the  absorbed  and 
reflected  fluorescent  rays  must  together  make  up  the  whole 
emitted  as  fluorescent  or  non-fluorescent. 

We  have,  besides,  that  all  the  fluorescent  rays  emitted  by 
the  non-fluorescent  body  must  be  either  absorbed  or  reflected 
by  the  other  body,  so  that 

E»  =  a,  +  r,  «  ^  +  «^ 

Also,  all  the  fluorescent  rays  emitted  by  the  fluorescent  body 
are  either  absorbed  or  reflected  by  the  other,  so  that 

e,  =  A, +  R,«E,; 

and  we  thus  immediately  obtain  that  c^  =  0,  or  there  can  be  no 
fluorescence  between  bodies  at  the  same  temperature. 

It  seems  likely  from  this  that  fluorescence  depends  on  the 
amplitude  of  the  incident  vibration  l^iiig  much  greater  than 
that  of  the  corresponding  vibration  of  the  molecule  of  the  body; 
and  that  whatever  causes  the  actual  distribution  of  amplitudes 
of  vibrations  of  the  diflerent  periods  produces  its  efiect  less 
completely  in  the  case  of  fluorescent  bodies  than  of  non- 
fluorescent,  and  less  rapidly  in  the  case  of  phosphorescent  than 
non-phosphorescent  bodies. 
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ON  THE  POSSIBILITY  OF  ORIGINATING  WAVE  DISTUR- 
BANCES IN  THE  ETHER  BY  MEANS  OF  ELECTRIC 
FORCES 

[From  the  Seienti/le  TraMaetiom  ofth$  Royal  Dublin  SoeiHjf. 

Read  November  17,  1879.] 

In  Professor  J.  Clerk  Maxwell's  most  admirable  treatise  on 
"Electricity  and  Magnetism"  the  following  expression  occurs 
(§  785)  • — "  Let  us  suppose  that  when  t  [time]  is  zero,  the 
quantities  H  and  2t  are  zero  except  within  a  certain  space  S," 
and  he  proceeds  to  show  that  this  will  give  rise  to  an  electrical 
disturbance  propagated  in  free  space  with  the  velocity  of  light. 
Some  doubt  as  to  the  possibility  of  producing  a  distribution  of 
currents  which  would  originate  such  disturbances  was  aroused 
in  my  mind  by  tlie  following  consideration :  for  the  validity  of 
the  deduction  it  is  necessary  that  the  whole  space  considered 
be  non-conducting.  Gauss  showed  long  ago  that  such  a 
quantity  as  the  potential  of  any  system  of  attracting  bodies 
cannot  have  a  zero  value  throughout  one  part  of  space  and 
another  value  in  any  other  communicating  part.  The  com- 
ponents of  21,  the  vector  potential  of  the  electric  current,  are  of 
the  same  form  as  the  potentials  of  attracting  bodies,  and  could 
not  consequently  fulfil  the  condition  Professor  Maxwell  assumes. 
Though  this  does  not  include  the  case  of  currents  distributed 
throughout  space,  such  as  the  changes  of  electric  displacement 
which  Professor  l^Iaxwell  supposes  to  be  currents,*  yet  I  believe 

\*  Gauss'  theorem  is  limited  to  space  free  of  currents,  and  so  ceases  to  hold  when 
the  front  of  the  wave  is  crossed ;  so  that  there  is  no  discrepancy. 

The  two  ways  of  looking  at  MaxweU's  vector  potential  %  either  as  propagated 
from  the  seats  of  the  irtu  electric  disturhances,  or  as  an  instantaneous  mathematical 
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that  the  reasoning  may  be  extended  to  this  case  also.  Fuiiher^ 
it  has  to  be  shown  that  no  other  possible  assumed  distribution 
would  give  rise  to  disturbances  propagated  in  time  throughout 
space. 

If  we  investigate  how  such  disturbances  could  be  originated 
by  combinations  of  ciirrents  and  chaises  on  fixed  or  movable 
conductors  and  non-conductors,  it  is  in  the  first  place  to  be 
observed  that  we  may  legitimately  assume  the  conductors  to  be 
perfect  conductors,  for  the  heating  of  a  conductor  by  an  electric 
current,  as  far  as  it  is  a  production  of  waves  in  the  ether,  is, 
according  to  Professor  Maxwell's  hypothesis,  one  of  the  very 
things  whose  origin  we  want  to  find  out,  and  so  far  as  it  is  only 
an  increased  motion  of  matter  is  not  related  to  the  question  in 
hand. 

Now,  if  any  system  of  conductors,  movable  or  fixed,  could 
give  rise  to  the  production  of  disturbances  propagated  throughout 
spcu^e,  in  time  the  energy  of  the  system  woidd  become  gradually 
expended  in  the  same  manner  as  heat  is  when  a  hot  body  cools. 
Another  eflTect  of  such  a  system  would  be,  that  at  each  point  of 
space  there  would  generally  be  a  double  action,  one  the  direct 
inductive  action  which  Professor  Maxwell  never  assumes  to  be 
propagated^  in  time,  and  the  other  the  effect  of  the  wave  on 
arriving  at  the  point. 

Now,  if  we  consider  the  case  of  any  system  of  perfect  con- 
ductors and  non-conductors,  movable  or  fixed,  and  charged  in  any 
way,  and  carrying  any  currents,  the  interactions  of  the  various 
parts  may  be  worked  out,  either  upon  the  hypothesis  of  direct 

potential  of  the  ioial  circuital  electric  current  which  includes  ethereal  displaoement 
as  weU  as  electric,  has  always  been  a  fruitful  source  of  misconception.  The  matter 
is  practically  cleared  up  in  the  foUowing  papers  on  electric  radiation  :  cf .  Kos.  19, 
20, 24 ;  cf  .  aUo  Introduction ;  but  the  question  has  nevertheless  continually  recurred, 
bow,  in  a  theory  of  pure  propagation  in  time,  an  instantaneous  potential  apparently 
not  propagated  can  arise.  The  answer  is  in  fact  that  from  that  point  of  view  the 
potential  is  in  part  that  of  ethereal  displacement,  which  is  not  electric  disturbance 
but  merely  a  result  thereof  like  the  potential  itself.  The  molecular  theory  fore- 
shadowed on  p.  92  has  since  been  developed  by  Lorentz  mainly  on  the  lines  of  the 
first  of  the  two  methods  of  exposition  above  mentioned,  and  by  Larmor  mainly  on 
those  of  the  second  method.] 
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action  at  a  distance,  or  upon  Professor  Maxwell's  hypothesis  of 
action  through  a  mediuuL  In  the  former  method  there  is,  how- 
ever, no  account  taken  of  the  non-conductor,  nor  are  any  variables 
representing  it  in  any  way  involved ;  and  yet,  if  we  are  dealing 
with  perfect  conductors,  such  a  system  would  be,  as  regards 
energy,  perfectly  conservative,  and  so  cannot  be  such  as  would 
give  rise  to  a  disturbance  propagated  throughout  space  in  time 
like  light. 

I  conclude  from  this  that  the  origination  of  such  disturbances 
is  not  a  phenomenon  of  electric  currents  such  as  we  have  to  deal 
with,  but  is  connected  with  the  relations  of  matter  and  ether, 
and  this  is  probably  an  atomic  interaction,  as  spectroscopic 
phenomena  also  seem  to  show,  and  will  be  explained  only  when 
some  workable  hypothesis  as  to  the  nature  of  this  interaction 
has  been  suflBciently  investigated. 

If  direct  action  at  a  distance,  and  Professor  Maxwell's 
hypothesis  of  action  through  a  medium,  lead  to  the  same  results, 
as  has  been,  I  believe  rightly,  just  now  assumed,*  then  we  may 
assert  a  very  general  theorem  concerning  the  displacement 
currents  which  Professor  Maxwell  assumes  in  the  non-conductor, 
and  one  which  I  have  not  yet  succeeded  in  proving  directly — 
namely :  that  however  these  may  be  produced  by  any  system  of 
fixed  or  movable  conductors  charged  in  any  way,  and  discharg- 
ing themselves  amongst  one  another,  they  never  will  be  so 
distributed  as  to  originate  wave  disturbances  propagated  through 
space  outside  the  system, 

[*  The  exception  to  this  statement  is  just  the  domain  of  ethereal  disturhance 
involving  radiation,  that  is  here  discussed.  For  correction  see  the  papers  that 
follow:  cf.  p.  101.] 
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ON  THE  POSSIBILITY  OF  ORIGINATING  WAVE  DISTUB- 
BANCES  IN  THE  ETHER  BY  MEANS  OF  ELECTRIC 
FORCES.    Pabt  2. 

[From  the  Seientijle  Trttnsaetiout  of  the  Royal  Dublin  Society. 

Read  May  19,  1880.] 

In  a  former  paper,  read  before  the  Royal  Dublin  Society  in 
November,  1879,  upon  the  present  subject,  I  showed  that  if  the 
theories  of  action  at  a  distance  and  Clerk  Maxwells  of  action 
through  a  medium  lead  to  the  same  results  in  all  cases,  then 
there  can  be  no  production  of  waves  propagated  like  light  by 
means  of  such  electrostatic  or  electrodynamic  systems.  I  did 
not  then  point  out  whei-e  Clerk  Maxwell  practically  assumes 
that  this  is  the  case,  but  he  evidently  does  so  when  he  assumes 
that  the  electrokinetic  energj"  of  a  system  of  conductors  carrying 
currents  is  a  function  of  the  present  currents  and  their  configu- 
ration only.*  By  assuming  this  he  has  excluded  the  possibility 
of  wave-production,  for  in  the  case  of  wave-production  part  of 
the  energy  of  the  system  is  in  the  medium,  and  what  part  is  so 
depends  on  the  past  as  well  as  on  the  present  configurations  and 
currents. 

There  seems  a  veiy  great  difficulty  in  determining  what  is 
the  actual  distribution  of  displacement  currents  in  tlie  neighbour- 
hood of  a  changing  current  in  a  conductor.  We  cannot  assume 
them  to  be  simply  due  to  the  variations  of  current  in  the  con- 
ductor, for  such  displacement  currents  immediately  i-eact  on  one 

[*  This  total  current  of  Maxwell^s  is  however  not  all  true  electric  current ;  tee 
footnote,  p.  90,  also  the  Introduction.] 
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another.  We  cannot  even  assume  that  they  are  initially  the 
same  as  if  they  were  directly  and  simply  produced  by  the  current 
in  the  conductor,  for  then  this  initial  state  would  be  a  discon- 
tinuous one.  The  distribution  at  the  limits  of  space,  as  well  as 
time,  are  just  as  difficult  to  determine. 

It  is,  however,  possible  to  assume  a  distribution  of  electro- 
magnetic potential  in  the  neighbourhood  of  a  conductor  such 
that  its  components  satisfy  Maxwell's  equation* 

and  yet  such  that  it  shall  not  represent  a  wave-propagation  such 
as  light,  but  rather  the  state  of  vibration  in  an  organ-pipe  where 
there  are  fixed  nodes. 

If  we  assume  that  Y  can  be  expanded  in  sines  or  cosines 
with  regard  to  the  time  so  that  we  may  write 

cos  ^    ' 

where  Vh  is  a  fimction  of  a*,  y^  z  without  <,  then  if  we  determine 
V„  suitably  for  a  simple  periodic  V  =  V„  cos  nt,  we  see  that  the 
periods  of  maximum  and  minunum  occur  simultaneously  every- 
where so  that  it  need  not  be  of  the  natui^  of  a  wave-propagation 
like  light.    Now  if 

(v/K/unr) 

r  -  y(^-ar  +  (y-i3r+(2-7)'.  then  V,  =  £2? 

r 

satisfies  the  equation 

and  we  may  get  a  more  general  form  for  V^  by  taking  it 

V«  =  nj/(«.  /3,  y)  ^^^ rf«rf/3rf7, 

and  we  can  make  it  have  given  limiting  values  by  detenuining 
/  («» /3i  7)  rightly.     This  value  of  V^  vanishes  for  r  «  » . 

[*  6}  has  here  the  negative  sign,  as  in  the  quaternion  usage.] 
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We  thus  see  that  as 

Ctt*  COS  ^     '^ 

and 

we  get  that  V  satisfies  the  given  equation 

We  thus  see,  generally,  that  if  V  contain  a  part  depending 
on  the  time,  and  a  part  independent  of  it,  then  it  must  be  of 
the  form  just  determined,  in  order  to  satisfy  this  equation. 

We  have  then  that  V  satisfies  the  given  equation  if  it  is 
expressible  thus : 

(\/Kiinr)   . 

cos  r-         X   g--j 

V  -  S  /J//(a.^,y)  -; ^^  («<)  dad^-^. 

This,  of  course,  may  represent  a  wave-propagation,*  but  a  simply 
periodic  variation  of  V  in  one  curve  in  space  would  produce 
simultaneous  maxima  and  minima  values  throughout  space,  and 
so  would  not  originate  wave-distmbances  at  alL 

There  is  another  method  by  which  we  may  arrive  at  this  same 
distribution  of  displacement  currents  near  a  varying  current 

Assume  an  initial  distribution  of  currents  (U)  in  conductors 
only,  and  calculate  the  electromagnetic  potential  at  each  point 
due  to  them,  and  then  in  terms  of  the  initial  acceleration  of 
current  (U)  calculate  the  initial  displacement  current  (w)  through- 
out space.  We  may  not  assume  this  to  be  the  total  initial  dis- 
placement current,  for  we  must  go  on  and  calculate  the  acceleration 
(«)  of  this,  and  find  the  i^esultant  displacement  cun-ents  and  so 
on.  Then  by  summing  up  the  resultant  infinite  number  of  tliese 
partial  initial  currents,  we  may  assume  that  the  resultant  is  the 
actual  initial  current  at  each  point 

[^Standing  wavet  as  diitinct  from  progreidve  ones :  see  p.  123  for  the  latter.] 
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As  we  may  deal  with  each  element  of  current  separately,  I 
shall  confine  myself  to  a  current  in  the  direction  of  x^  and  then 
the  only  component  of  the  electromagnetic  potential  at  each 
point  is  F,  and 

F.-M^. 

(I  distinguish  the  points  at  which  F  exists  by  the  suffix)  where 
/LI  is  the  magnetic  inductive  capacity  of  the  medium,  and  R  is 
the  distance  of  the  point  ^  froni  the  current.  The  current  at  ^^ 
produced  by  the  acceleration  of  U  is 

tto--j-I«--j^   — ,  wntmg  U  for  U. 
Hence  the  vector  potential  at  1  due  to  this  is 


T?            ^M  TT  f  ^^^0 

where  dm^  is  the  element  of  the  volume  at  0,  and  r^  is 

the  dis- 

tance  from  ^  to  i. 

Similarly 

\4iry        J  r,i  JrioR 

and  generally 

, 

F.. 

^      ^    \4iry       J  Tnn-x            JrioR 

hence,  if  we  call 

1     [dTtin^i           [diriQ 
'*"     (47r)»J  r«^,    •  •  ■  J  r.3' 

we  may  write 

t« 


F,  -  (-  1)-(Km)-  Up„. 
and  the  relation  connecting  p,  and  p^i  is 


\ 


Before  going  further  with  this  I  may  call  attention  to  this. 
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that  if  U  were  a  simply  periodic  function  of  the  time  -  a  cos  mt^ 
we  can  see  that  the  complete  F 

would  necessarily  be  of  the  form 

cos  mt  ^(KfiYm^^pt^  -  Va»  cos  mt, 
so  that  if  F  is  to  satisfy  the  equation 

AT  +  K;i*  F  -  0, 
we  can  see  that  Vm  must  be  as  before 


sm 


V..A.52-; 


E  ' 

for  it  can  only  be  a  function  of  R  as  is  evident 

We  may  get  this  otherwise  by  proceeding  to  determine  pn 

from  p»-u  for  we  know  that  /»©  =  ^.    We  may  do  this  with  facility 

by  observing  that  as  p^-i  is  a  function  of  the  coordinates  of  the 
point  «.i  only  we  have 

A'p«  =  pn^u 

or  aa  pn  and  pf^i  are  all  functions  of  B  only  we  have  that  this 
reduces  to 

^(e.,%).e-.„.o. 

or  what  is  the  same  integiated 

From  this  we  obtain,  neglecting  the  constants  introduced  by 
integration  vdiich  do  not  affect  the  form  of  the  result, 

1  R  R»  (-1)»R^ 

so  that  we  evidently  have 

H 
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Now,  in  order  to  sum  the  results,  we  must,  as  before,  split 
up  U  in  its  components  by  expanding  it  in  a  series  of  sines  and 
cosines,  when  we  may  evidently  take 

_       „  .     cos  mt ,    ^  v.^TT  \-    9m  I^ 
F.-2A.-^(-l)-(K;*)-m«-j^, 

and    F  -  2F. ;  therefore 

cosm  -v/K/LiE 


F  «  2A  cos  971^ 


B 


which  is  of  the  same  form  as  before,  as  we  saw  it  ought  to  come 
out. 

There  are  some  obvious  objections  to  the  latter  part  of  this 
enumeration,  in  which  several  of  the  terms  are  infinite  if  the 
space  be  infinite. 

The  only  assumption  I  seem  here  to  have  made  is  that  the 
initial  disturbance  is  the  sum  of  all  the  initial  induced  currents, 
and  this  seems  the  only  natural  and  an  almost  necessaiy  assump- 
tion. 

As      is  the  velocity  of  light,  a/K/h  is  very  small,  so  that, 

with  currents  varying  at  the  rate  they  usually  do,  cos  m-v/K/liR  - 1 
for  any  not  very  large  value  of  E  and  F,  and  so  has  the  same 
value  as  if  there  were  no  induced  displacement  cuiTents  at  alL 
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OK  THE  POSSIBILITY  OF  ORIGINATrNrG  WAVE  DISTUEB- 
ANCES  IN  THE  ETHEK  BY  MEANS  OF  ELECTRIC 
FORCES— CORRECTIONS  AND  ADDITIONS 

[From  the  Scieni\fie  Trantaetiont  of  tlie  Royal  Dublin  Socitty. 

Bead  May  6,  1882.] 

Since  publishing  Part  II  of  these  papers  (Trans.  RD.S.,  1882^ 
p.  173),  I  have  come  across  an  investigation  of  the  diffe- 
rential equation  I  there  studied  in  Lord  Bayleigh's  "  Theory  of 
Sound,"  YoL  II,  §  276.  He  assumes  the  solution  to  contain 
imaginary  terms  of  the  form  c'^^  just  as  I  assumed  it  to  contain 
real  terms  of  the  form  cos  nt,  and  he  obtains  the  same  general 
form  of  solution  as  I  do.  To  a  simply  periodic  term,  however, 
there  corresponds  in  liis  solution  a  term  of  the  form 

,  cos  (nt  -  mr) 

A ^, 

r 

instead  of  the  term  I  obtained, 

.  cos  nt  cos  mr 

A . 

r 

Taking  Lord  Eayleigh's  form  of  solution  would  lead  to  the 
conclusion  that  a  simply  periodic  current  would  originate  wave 
disturbances  such  as  light,  and  not  the  stationary  waves  that  my 
solution  leads  to. 

I  have  not  been  able,  from  purely  mathematical  considera- 
tions, to  determine  which  form  of  solution  is  preferable.  Each 
is  only  a  partial  and  not  a  general  solution,  and  the  form  depends 
on  the  limiting  conditions  which  are  the  same  in  both,  when  r 

H  2 
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is  small  aud  when  it  is  infinite.*  When  mr  is  small,  the  two 
forms  are  indistinguishable,  and  it  is  not  easy  to  make  experi- 
ments in  which  mr  is  not  small,  and  I  know  of  none  that 
can  help  to  decide  between  the  forms.  If  we  could  make 
experiments  where  mr  »  ^,  we  could  easily  distinguish  between 
them ;  but  as  this  would  be  at  a  distance  of  several  miles  from 
the  varying  current  when  the  variations  were  as  rapid  as  in  the 
highest  audible  note,  there  does  not  seem  much  hope  from 
ejqperiments  in  this  direction.  Dr.  Oliver  Lodge  has  already 
tried  to  originate  light  by  induced  currents  of  a  high  order.  It 
does  not  seem  that  this  method  of  producing  very  rapidly  vary- 
ing currents  would  succeed  beyond  the  third  or  fourth  orders, 
for  the  induced  currents  of  the  higher  orders  tend  more  and  more 
to  become  simply  periodic,  and  after  that  there  is  only  one 
induced  current  corresponding  to  each  inducing  one.  It  might, 
however,  be  possible  to  obtain  sufficiently  rapidly  alternating 
currents  by  discharging  condensers  through  circuits  of  small 
resistance.!  The  only  experiments  with  which  I  am  acquainted 
on  the  magnetic  effects  of  such  discharges  seem  to  indicate  a 
periodic  law  for  the  induction  near  the  circuit. 

In  the  theory  of  sound  it  is  known  that  the  disturbances  are 
propagated  outwards,  and  that  the  energy  of  the  vibrating  body 
is  gradually  transferred  to  the  medium,  and  so  we  know  which 
solution  to  employ.  If  a  body  be  sounding  in  the  centre  of  a 
closed  sphere  of  the  right  size  during  the  time  that  the  sound 
takes  to  reach  the  surface  of  the  sphere,  the  first  form  of  solution 
holds;  but  as  soon  as  the  reflected  wave  combines  with  the 
direct  one,  the  second  form  is  the  right  one.  If  the  electro- 
magnetic action  is  analogous  to  this,  it  seems  to  follow  that,  in 
infinite  space,  where  there  is  nothing  to  produce  the  reflected 
wave,  the  firat  form  of  solution,  in  which  all  the  energy  is 
gradually  transferred  to  the  medium,  is  the  right  one  to  employ. 

[*  This  is  answered  in  the  next  paragraph ;  the  standing  wares  'arise  from  the 
superposition  of  a  train  trayelUng  outwards  and  another  trayelling  inwards,  and 
the  lifter  can  only  hecome  established  by  aid  of  a  reflecting  outer  boundary.] 

[t  This  is  of  course  the  method  by  which  Tesla  afterwarda  developed  his 
atriking  luminous  effects  of  induction  at  high  tension.] 
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Indeed  it  seems  almost  impossible  without  calling  in  the  aid  of 
some  form  of  direct  action  at  a  distance  to  see  how  the  stationary 
waves  can  be  simultaneously  originated  throughout  spaca 

If,  however,  as  is  generally  assumed,  a  system  of  perfect  con- 
ductors carrying  currents  be  a  conservative  system,  they  cannot 
be  analogous  to  a  system  such  as  a  sounding  body  in  air ;  for  if 
they  were,  and  the  currents  vary  in  intensity,  they  would 
gradually  transfer  their  energy  to  the  ether.  In  my  first  paper 
on  this  subject  I  investigated  it  from  this  point  of  view.  Assum- 
ing that  the  theory  of  direct  action  at  a  distance,  and  MaxweU's 
of  action  through  a  medium,  lead  to  the  same  results,  I  showed 
that  electric  currents  could  not  originate  wave  disturbances  such 
as  light  From  my  subsequent  paper,  it  is,  however,  clear  that 
the  assumption  that  the  two  theories  lead  to  the  same  results  is 
only  true  to  the  same  order  of  approximation  as  omitting  the 
mutual  induction  of  the  displacement  currents  in  the  non- 
conducting medium.  This  is  evident  from  the  fact  that  the 
equations  for  calculating  the  vector  potential  on  the  theory  of 
direct  action  at  a  distance  could  never  make  it  vanish  short  of  in- 
finity, while  the  equations  founded  on  Maxwell's  theory  certainly 
lead  to  the  conclusion  that  either  the  energy  is  gradually  trans- 
ferred to  the  medium  or  else  that  the  vector  potential  vanishes 
at  each  of  a  series  of  distances  given  by  an  equation  of  the  form 
cos  mr  «  0.  Hence  these  papers  at  least  show  that,  contrary  to 
the  ordinary  assumption,  the  two  theories  do  not  lead  to  the  same 
results,  and  they  point  out  a  direction  in  which  to  investigate 
which  theory  is  true.  It  seems  further  highly  probable  that  the 
energy  of  varying  currents  is  in  part  radiated  into  space  and  so 
lost  to  u&  It  seems  further  probable  that,  contrary  to  what 
I  have  stated  in  my  fii-st  paper,  the  interactions  between  the 
molecules  of  matter  and  the  ether  are  of  the  same  character  as 
the  electromagnetic  actions  with  which  we  are  acquainted. 

In  conclusion,  I  must  apologize  for  having  ventured  to  in- 
vestigate these  matters  when  I  was  so  ignorant  of  what  had 
-already  been  done  as  to  make  mistakes  requiring  such  serious 
corrections  as  are  contained  in  this  paper. 
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NOTE  ON  MB.  J.  J.  THOMSON'S  INVESTIGATION  OF  THE 
ELECTROMAGNETIC  ACTION  OF  A  MOVING  ELEC- 
TRIFIED SPHERE 

[From  the  ScUntifle  Froeudings  (Vol.  Ill,  Part  Y)  of  th$  Boyai  Dublin  Society. 

Read  Norember  21, 1881.] 

In  the  April  number  of  the  Philosophical  Magazine  for  the 
present  jear  Mr.  J.  J.  Thomson  has  given  an  interesting  investiga- 
tion of  the  electromagnetic  action  of  a  moving  electrified  sphere. 
On  the  fourth  page  (/.  c.  p.  232)  of  this  investigation,  he 
makes  an  assumption  which  he  does  not  justify  in  order  to  make 
the  components  of  the  vector  potential  of  electromagnetic  in- 
duction satisfy  the  condition 

dF     dG     dH     ^ 

As  it  seemed  very  likely  that  they  ought  to  satisfy  this  con- 
dition, I  thought  it  worth  while  bringing  before  the  Society  a 
justification  of  his  assumption  which,  however,  leads  to  slightly 
different  equations  from  his,  though  his  final  result  is  unaffected. 
Mr.  Thomson  has  not  touched  the  question  of  the  discon- 
tinuity at  the  surface  of  the  sphere,  nor  what  becomes  of  the 
displacement  when  the  sphere  passes  over  a  point.  We  may 
assume  that  the  point  remains  in  its  displaced  position,  and  this 
is  practically  what  Mr.  Thomson  assumes;  but  if  we  do,  the 
above  condition  is  not  fulfilled.  We  may  assume  that  it  returns 
to  its  original  position,  so  that  no  permanent  displacement  takes 
place  in  the  track  of  the  sphere,  as  would  occur  on  Mr.  Thomson's 
assumption.     This,  however,  does  not  satisfy  the   condition 
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either,  and  I  have  been  led  to  assume  that  the  particle  does 
return  to  its  original  position,  but  that  in  some  way  or  other 
the  discontinuity  at  the  surface  acts  as  if  a  moving  quantity  of 
electricity  acted  like  an  element  of  an  electric  current.  This 
may  seem  like  begging  the  question,  but  it  is  only  doing  ex- 
plicitly what  Mr.  Thomson  does  implicitly.  It  is  evidently 
impossible  that  the  electromagnetic  action  of  moving  electricity 
can  be  due  entirely  to  the  electromagnetic  action  of  the  dis- 
placement currents  in  the  dielectric,  for  in  the  case  of  a  plane 
moving  parallel  to  itself  there  are  none  of  these  displacement 
currents,  and  yet  that  is  the  only  case  that  has  been  experi- 
mentally verified. 

To  show  that  my  assumption  leads  to  equations  satisfying 
the  condition,  and  leading  to  practically  the  same  results  as 
Mr.  Thomson's,  does  not  require  much  work. 

Consider  an  elementary  volume  dxds  cos  0,  where  ds  is  an 
element  of  the  surface  of  the  sphere,  and  Q  the  angle  the  radius 
makes  with  x.  The  displacement  in  this  volume  is  -  S  the 
superficial  density,  while  after  the  time  dt  it  is  zero  on  my 
assumption.    Hence,  calling  the  displacement  D,  we  have 

-rr  d^  «  -  Zdocds  cos  ft 
dt 

Hence  D--8^(fecosft 

Now  —  =  2^  the  velocity  of  the  sphere  which  is  supposed  to 

be  moving  along  x.  Hence  the  components  of  D  are/,  g,  h,  and 
observing  that  ds  «  a^dfidif^,  where  cos  d  =  /lc,  and  a  is  the  radius 
of  the  sphere,  while  4ira»  8  «  «,  the  total  quantity  of  electricity 
on  the  sphere, 

/  dxdydz  -  -  r-  fi^dfid^, 

g  dxdydz  «=  -  ^  /n  cos  ^dfid^^ 

k  dxdydz  «  -  j--/[i  sin  ^fxd^. 
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Hence  the  components  of  the  electromagnetic  potential  are 
at  a  point  at  a  distance 

These  are  the  components  of  the  electromagnetic  potential 
dne  to  this  superficial  change  of  displacement  that  I  have 
assumed  When  integrated  over  the  surface  of  the  sphere  they 
give  at  a  point  distant  B  from  its  centre,  and  whose  polar  angles 
are  a  and  c, 

G,«  -  ^^  cosa  smacosf, 

epa* 
-  ^^  cos  a  sm  a  sm  €. 

If  we  add  to  these  the  components  calculated  by  Mr.  Thomson, 
as  due  to  the  external  displacement  currents,  and  given  by  him 
(/.  c,  p.  233),  namely, 

G.  -T^j(5R'  -  3a')  cos  a  sin  a  cos  f, 

H,  -  ^-^  (5R'  -  3a*)  cos  a  sin  a  cos  t , 

we  get  as  the  resultant  values  of  the  components  produced  by 
the  displacements  assumed, 

F*--g+^,(R»-o»Xco8'«-J). 

^d  ■  ^  (^'  *"  ^')  ^^^  a  sin  a  COS  €, 

Hd  ■  —-^  (R*  -  a»)  cos  a  sin  a  sin  i , 
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which  however  do  not  satiBfy  the  condition 

eix       (2y        &        ' 

Now  it  is  veiy  easj  to  calculate  the  action  of  the  superficial 
moving  electricity  if  it  be  assumed  to  act  like  an  electric  current 
Each  element  of  the  surface  will  act  as  if  it  had  an  electric 
current-element  Sp  on  it,  and  the  x  components  of  the  electro- 
magnetic potential  wUl  evidently  be  the  same  as  those  of  an 
electrostatic  potential,  while  the  y  and  z  components  will  vanisL 

Hence  ^«"X'    ^••He«0. 

My  assumption  is  that  the  complete  components  are 
F-Fe  +  Fd,    G«Ge  +  Ga,    H-He  +  H*; 

and  it  is  easy  to  see  that  they  can  be  put  in  the  fonn 

6   ^  ' dxdzW 

and  these  satisfy  the  condition 

dx       dy       dz        ' 
These  may  be  further  simplified  by  assuming  a  function 


ftcp 


X--2 


['*^°'li}\} 
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We  hence  easily  see  that,  in  the  general  case  where  the 
sphere  is  moving  with  component  velocities  'p,  q,  r,  we  must  take 

ue{  ,  J    d         d         d\)l 

or  calling 


and  observing  that 


d         d         d       d 
X         y        z      • 


we  have 

X 


-t^^i^mk) 


and  then  we  have 

a      dx' 

R  rfy' 

H      dz 

From  these  it  appears  at  once  that  the  magnetic  effect  of 
the  displacement  currents  is  nil  For  the  components  of  the 
magnetic  force  a,  /3,  y  are 

^dG     dH 
dz       dy^ 

^     ^     dF 
'^"  efo  "  dz* 

dF      dG 
'^  ^  dy      dx' 

and  X  disappears  from  this,  and  there  only  remains  the  magnetic 
action  due  to  the  current  that  I  have  assumed  to  represent  the 
moving  superficial  electricity.  The  eflfect  of  this  is  obviously  the 
same  as  if  the  whole  quantity  of  electricity  were  mo\'ing  at  its 
centre,  and  this  is  the  same  as  Mr.  Thomson's  result  (/.  c,  p.  236). 
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It  is  to  be  observed  that  Mr.  Thomson  has  intentionallj 
omitted  the  self-induction  of  these  displacement  currents  on 
one  another,  and  it  may  legitimately  be  omitted  when  the  motion 
is  comparatively  slow,  but  a  complete  solution  of  the  question 
would  be  most  interesting  * 

It  may  be  worth  while  remarking  that  no  effect  except  light 
has  ever  yet  been  traced  to  the  displacement  currents  assumed 
by  Maxwell,  in  order  to  be  able  to  assume  all  currents  to  flow  in 
closed  circuits.  It  has  not,  as  far  as  I  am  aware,  been  ever 
actually  demonstrated  that  open  circuits,  such  as  Leyden  jar 
discharges,  produce  exactly  the  same  effects  as  closed  circuits, 
and  until  some  such  effect  of  displacement  currents  is  observed^ 
the  whole  theory  of  them  will  be  open  to  question. 

[•  Gireii  bj  Heayiside,  FhiL  Mag,,  1889,  or  «  Electrical  Papera,'*  ii,  p.  604.] 
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ON  COMETS'  TAILS 

[From  the  SeUntiJU  FroeHd\ng$  of  tk$  Boyal  DuhHn  8oe%Hy  (FM  VI,  Vol.  US). 

Beftd  Maj  6,  1882.] 

In  the  last  edition  of  Clerk  Maxwell's  "  Electricity  and  Magnet- 
ism/' p.  402,  S  793,  he  calculates  that,  according  to  the  electro- 
magnetic theory  of  light,  sunlight  should  exert  on  a  body  that 
entirely  absorbed  it,  a  pressure  equivalent  to 

P  «  4*22  X  10"'  dynes  per  sq.  centim. 

Now  at  the  distance  of  the  Earth  the  attraction  of  the  Son 

for  a  mass  m  is 

/  a  '59  X  m  dynes. 

These  forces  might  balance  if  the  absorbing  surface  were 

sufficiently  large  in  proportion  to  the  mass,  so  that  if  s  were  the 

surface 

s  X  4-22  X  10"*  =  -59  X  m, 
or 

w  «  «  X  7  X  10"*. 

Now  the  mass  of  a  molecule  of  a  gas  of  density  A  at  the 
ordinary  pressure  and  temperature  is 

m  -  A  X  10-«», 
so  that 

s  -  10-"  X  1-4  X  A. 

This  gives  the  surface  of  a  molecule  of  a  gas  whose  density  is 
A  in  order  that  it  should  be  neither  attracted  nor  repelled  by 
the  Sun.  If  this  were  the  case  at  one  distance,  it  would  be  so  at 
all  distances,  because  both  the  attraction  of  the  Sun  and  the 
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intensity  of  the  light  vary  inversely  as  the  square  of  the  distance 
To  find  whether  this  is  possible  we  must  make  some  assumption 
as  to  its  shape,  and  I  will  assume  that  the  molecule  is  spherical, 
which  will  have  as  small  a  surface  as  possible,  and  apply  it  to 
the  case  of  hydrogen.  In  this  case  assume  v  the  radius  of  & 
molecule.    Then  evidently 


5  -  ,rv*  -  31  X 

v»- 

>  1*4  X 

10-" 

xA; 

• 
•  • 

y»- 

'4'4  X 

io-»» 

X  A. 

In  the 

case  of  hydrogen 

A  = 

8-8 

xl(H: 

■ 
> 

/.    V*  =  38-72  xlOr«»; 

V  «  2  X  10-"  nearly, 

80  that  this  is  still  only  one-tenthousandth  part  of  the  mean  dis- 
tance between  them,  and  is  considerably  less  than  the  size  of  a 
molecule  as  usually  estimated.  Of  course  no  gas  would  absorb 
all  the  light  that  falls  on  it ;  but  from  these  calculations  it  seems 
possible  that  a  light  gas,  with  large  molecules,  such  as  some  of  the 
complex  hydrocarbons,  that  absorbed  a  considerable  proportion 
of  the  radiations  that  fall  on  them,  might  not  only  be  in  equili- 
briimi  under  the  attraction  of  the  Sun  and  the  repulsion  of  its 
radiations,  but  might  be  repelled  by  the  Sun  with  considerable 
force.  It  has  been  lately  shown  that  a  repulsive  force  emanating 
from  the  Sun  would  account  for  comets'  tails.  The  force,  how- 
ever, must  not  be  like  gravitation,  proportional  to  the  mass  of 
of  the  body,  for  some  comets  have  more  than  one  tail,  and  this 
requires  a  different  acceleration  on  some  kinds  of  the  cometaiy 
matter  from  that  on  others.  This  would  be  completely  accounted 
for  by  the  hypothesis  I  have  put  forward.  The  repulsion  of  the 
Sun  depends  on  the  surface  of  the  molecule  and  on  its  absorbing 
power  for  heat,  and  these  are  not  by  any  means  proportional  to 
its  mass. 
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Another  method  can  be  founded  on  calculating  the  proportion 

of  heat  that  should  be  absorbed  by  the  unit  volume  of  a  substance 

in  order  that  it  be  neither  attracted  nor  repelled  by  the  Sun. 

As  before  the  pressure  on  a  completely  absorbing  unit  volume 

would  be 

P  -  4-2  X  10-», 

80  that,  if  a  were  the  absorbing  power,  the  force  on  it  would  be 

F  «  4-2  X  10-*  X  a. 

On  the  other  hand  the  attractive  force  on  a  unit  volume  of 

density  A  would  be 

F  -  -59  X  A. 

Hence,  in  order  that  these  might  be  equal,  we  must  have 

a  «  11  X  10*  X  A. 

Now  in  the  case  of  hydrogen  at  the  usual  temperature  and 

pressure 

A  -  8-8  X  10-*, 
80  that 

a --96, 

or  it  would  have  to  absorb  96  per  cent,  of  the  radiations  that 
fell  on  it  From  this  it  seems  almost  certain  that  this  repulsion 
can  have  hardly  any  effect  on  the  motion  of  gases  under  the 
action  of  the  Sun.  As,  however,  but  little  is  known  of  the  thick- 
ness of  the  layer  of  gas  that  will  absorb  all  the  heat  that  the  gas 
will  easily  absorb,  it  may  be  premature  to  decide  finally  upon 
the  question.* 

[*  Reflection  produces  pressure,  as  well  as  absorption ;  and  on  the  other  side  of 
the  argument  may  be  set  the  enormous  total  reflection  of  solar  light  by  a  comet's 
tail  whose  mass  is  entirely  inappreciable.  On  the  subject  of  repulsion  by  radiation, 
tea  Larmor,  "  ^ther  and  Matter,"  1900,  chapter  viii,  on  the  theoretical  tide,  and 
Lebedew,  FarxM  Congriu  Fhjftieal  £iports,  1900,  on  the  experimental  aide.] 
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ON  ELECTEOMAGNETIC  EFFECTS  DUE  TO  THE  MOTION 

OF  THE  EARTH. 

[From  the  Trantactiont  of  the  Royal  DubHn  SoeUtp  (N.  8.,  Vol.  I). 

Bead  May  5,  1882.] 

Professor  Eowland  has  shown  experimentally  that  a  quantity 
of  electricity  moving  acts  like  an  electric  current  This  had 
been  assumed  by  many  physicists.  It  follows  that  two  quan- 
tities of  electricity  moving  in  the  same  direction  and  with  the 
velocity  of  light,  would  have  no  action  on  one  another,  their 
electrostatic  action  being  balanced  by  an  equal  and  opposite 
electrokinetic  action.  As  it  is  very  unlikely  that  anything 
depends  on  absolute  motion,  the  motion  here  spoken  of 
must  be  with  respect  to  something,  and  this  something  can 
hardly  be  any  other  thing  than  what  is  known  as  the  ether 
in  space. 

All  electromE^etic  measurements  are  made  on  the  surface 
of  the  Earth,  which  is  moving  in  a  threefold  way  through  space. 
The  Earth  is  rotating  on  its  axis,  and  its  equatorial  surface  is 
moving  at  the  rate  of  4*65  x  10*  cm.  per  sec.  It  is  moving 
roimd  the  Sun  at  the  rate  of  2*96  x  10*  cjn.  per  sec.  It  is 
moving  with  the  whole  solar  system  through  space,  at  about  the 
same  rate. 

Professor  Stokes  has  shown  that  aberration  would  be  the 
same,  whether  the  ether  near  the  Earth  be  carried  along  with  it 
or  no.  Fizeau's  experiments,  however,  show  that  matter  does 
not  carry  the  ether  along  with  it  except  to  an  extent  depending 
on  the  refractive  index  of  the  matter.    It  would  follow  that 
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no  appreciable  part  of  the  ether  in  the  air  moves  with  the 
EartL 

All  electrostatic  measurements  should  show  a  twofold 
periodicity;  one  diurnal,  the  other  annual  The  velocity  of 
the  electricity  through  the  ether  is  different  at  different  times  of 
the  day,  owing  to  its  motion  due  to  the  rotation  of  the  Earth 
being  sometimes  added,  and  sometimes  subtracted,  from  its  other 
motions.  It  is  different  at  different  times  of  the  year,  owing  to 
the  velocity  of  the  Earth  roimd  the  Sun  being  sometimes  added 
and  sometimes  subtracted  from  the  component  along  the  ecliptic 
of  the  solar  system's  velocity  in  space.  The  velocity  of  light  is 
3  X  lO*'  cm.  per  sec.,  and  the  daily  variation  of  velocity  would 
consequently  change  electrostatic  attractions  by  the  3*1  x  10^  of 
their  amount,  and  the  annual  variation  would  change  them  by 
about  the  1*5  x  10**  of  their  amount.  These  quantities  do  not 
seem  beyond  the  possibility  of  observation  with  specially  con- 
structed instruments. 

It  has  been  supposed  that  in  conformity  with  these  electro- 
static actions,  there  would  be  a  force  on  a  magnet,  due  to  an 
electrified  body  moving  along  with  the  magnet.  It  appears  to 
me  that  this  is  not  the  case.  For,  consider  the  action  of  a 
current  on  a  quantity  of  electricity,  when  both  are  carried 
through  space.  When  a  current  producing  an  electromagnetic 
potential,  whose  components  are  F,  G,  H,  moves  with  a  velocity 
of  translation  whose  components  are  i,  y,  s,  the  components  of 
electromotive  intensity  are 


-,  dS        fdF  .     dF  . 


dF 
dz 


dG        fdG  .     rfG  .     rfG  . 
^  rfH        (dR  ,     dR  .     dK  .\ 

^^-Tt-\i^''^'d^/^-crz'} 

If  a  point  move '  with  a  velocity  whose  components  are 
C,  4,  ^,  then  the  components  of  electromotive  intensity  at  it  are 
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P,  B  01^  -  i^,  &c,  where  a,  h,  e  ate  the  components  of  magnetic 
induction  at  the  point    Putting  in  for  a,  h,  c,  we  get 

\o$      an/       \o4      ac/ 

Hence  the  whole  electromotive  intensity  at  the  point  has 
components 

P.^(F|.G,*He)4(|.i).|«-«.f(Mx 

If  the  two  move  with  the  same  velocity  so  that  ^  «  i,  4  *  y> 
and  ^  >  s,  the  components  become 

P  =  ^(Fi  +  Gy  +  Hs), 


Now  as 


R=^(Fi  +  Gy  +  Hi). 


F»;i  III  ^'rfxrfyrf^, 
G  =  /i  1 1 1  -  dxiydz. 


^-^dxdydz. 


H- 

'  JJJ  '' 

I 
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where  it,  v,  t(;  are  the  components  of  the  current,  and 
if  we  call  wi  +  t?y  +  t«5  -  9, 


and 
we  get 


mO 


dxdydz^  4^, 


d* 


B 


This  result  may  be  more  rapidly  obtained  by  using  the 
quaternion  notation  thus : — 

The  electromotive  intensity  due  to  the  current  moving  is 


(Si 


.(M    .<m    .cm 


*»T,* 


if)-WA>«. 


o  .  .       ,  d       ,  d      ,  d 


nsmg  -  Sp  A  '^i^*  y-r  +  i-jz        asan  operator. 

Similarly  the  electromotive  intensity  at  the  moving  point  is 


where 


€,-Vp'IB.    and    35  -  VA'a 
^i  +  nj^Kk    and     A'-t|+y|  +  i| 


Hence        CF,  -  Vp'(VA'2l)  =  -  A'(Sp'Sl)  +  (S^'A')?l 


«lso 

hence         <£  >=  <Si  +  (?, 
so  that  if    p  "  p 


A'  =  -  A : 

-  A'(Sp'3l)  -  (S(p'  -  p)A)a, 


(f  -  -  A'(SpSl)  -  A'(4'). 


where 


♦  --S(ba 


and  consequently 


f   -  S(pg)  ^    ,    , 
M  — 7^ —  ax  ay  dz. 


e  -  -  S(pff). 
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Expressed  thus,  it  is  evident  that  the  resulting  electromotive 
force  round  a  closed  circuit  would  vanish,  tind  that  the  electro- 
motive intensity  at  each  point  of  space  is  the  same  as  that  due 
to  electricitj  of  density  /nG  at  each  element  of  current.  The 
total  quantity  of  electricity  required  for  this  is  zero,  in  the  case 
of  a  closed  circuit,  for 

J!f{Sp(S)dxdydz^jjjudxdydz^jjjvdxdi/dzmjjfwdxdydz^O, 

when  the  int^ration  is  extended  round  closed  circuits.  From 
this  it  is  evident  that  an  electiic  current  in  a  conductor  would 
have  no  electromotive  intensity  on  a  point  outside  it,  and  moving 
with  its  own  velocity;  for  just  as  electricity  enclosed  in  the 
conductor  would  have  no  eflect  outside,  similarly  the  current  in 
the  conductor  would  induce  on  its  surface  exactly  such  a  charge 
as  would  neutralise  the  action  due  to  the  motion  of  the  current 
on  all  points  mo\'ing  with  the  same  velocity.  Hence  the  complete 
value  for  the  electromotive  intensity  at  a  point,  due  to  a  current 
in  a  conductor,  when  both  the  point  and  conductor  are  moving  is 

«-(S(p'-p)A)a, 

i,e,  its  components  are 

p.  .;.)_*(,.  J,)_^((.=)_., 

The  mechanical  force  at  the  point,  as  given  by  Maxwell,  is 

5  -  VS3(F  -  ^A^, 
t.c.  its  components  are 

ax 
Y  -  aw  -  CM  -  «  -7-, 

d^'t 

Z  -  &I6  -  av  -  «  -7-. 

dz 

I  2 
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The  electromotive  intensity  at  the  point,  as  given  by  Maxwell, 
is 

ijt,  it  components  are 

^       .       .     dQ     d^ 
^     J.       .    dH.     d* 

Now  there  does  not  seem  any  reason  why  the  mechanical  force 

should  not  be  written 

g  -  V©ff  +  eff, 
ie.  its  components  are 

X  »  cv  -bw  +  eT, 
Y  «  aw  -  cw  +  cQ, 
Z  -  tn6  -  at;  +  eR, 

for  is  it  not  the  meaning  of  the  electromotive  intensity,  that  the 
mechanical  force  due  to  it  on  a  quantity  of  electricity,  f ,  is  «  (E  ? 
Although  in  his  enimieration  of  the  equations  of  the  electro- 
magnetic field,  Maxwell  gives  the  equations  as  at  first  cited,  yet 
in  §  631,  where  he  is  deducing  the  general  expression  for  the 
electrostatic  energy  of  the  field,  lie  practically  assumes  that  the 
second  expression  I  have  given  is  the  true  one.  Hence  the 
mechanical  force  at  a  point  mo\'ing  \\'ith  a  velocity  p  and  carrying 
a  current  ff,  and  charged  with  a  quantity  of  electricity  e,  is 

5  -  VSe  +  cYSd'p  -  e  '^-  ^AH', 
t.  e.  its  components  are 

Y  »aw-  cu  +  e(az  -  ex)  -  c -7-  -  e^-, 

at         ay 

Z  «=  626  -  av  +  e(w:  -  ay)  -  e -j-  -c-j-. 

tto        a<w 
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Now,  when  there  is  no  conduction  current  at  the  point, 
u  « 1; «  1^  a  0.  For  it  would  e\idently  be  improper  to  include  e 
twice  over,  first  as  a  quantity  of  electricity,  and  secondly  as  a 
current  In  the  equations  as  I  give  them,  the  effect  of  the 
motion  of  e  is  included  under  cY33/o,  ix.y  in  the  components,  as 
€{cy  -  55),  &C.  Hence  we  get  that,  if  there  be  no  conduction 
current  at  the  point,  but  only  this  convection  current,  the 
mechanical  force  is  completely  represented  by 

5  -  eff, 
i  e.,  its  components  are 

X  «  eP, 

Z  =  eR, 

and  that  there  will  consequently  be  no  mechanical  force  at 
points  where  the  electromotive  intensity  vanishes. 

It  has  just  been  shown  that  the  electromotive  intensity 
vanishes  at  a  point  outside  a  magnet,  moving  with  the  same 
velocity  as  the  magnet,  and  I  hence  conclude  that  there  would 
be  no  force  on  an  electrified  body  moving  with  the  magnet 

If  we  consider  the  electrified  body  as  acting  on  the  magnet 
we  are  led  to  a  similar  result.  In  this  case  the  moving  elec- 
tricity has  an  electromotive  intensity 


OF  =  11  ^  dxdT/dzdldtidl^, 


*/• 


or,  as  ^  =       —  dxdydz, 

i.e.,  its  components  are 

Ii  =  nii!irzdidndZ. 

Hence  if  ^  be  constant  all  over  any  space,  the  mj^etic  force 
vanishes  throughout  that  space.    Now  ^  must  be  constant  all 
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over  the  inside  of  a  magnet  Hence  we  see  that  the  electricity 
induced  on  the  outside  of  a  magnet,  by  external  electricity  moving 
with  it,  exactly  neutralises  both  the  electrostatic  and  electro- 
magnetic actions  of  the  external  electricity  on  the  inside  of  the 
magnet  We  thus  see  that  the  magnetism  inside  the  magnet, 
and  the  convection  current  outside,  are  related  to  one  another 
eixactly  like  a  quantity  of  electricity  inside  and  outside  a  closed 
conductor ;  each  induces  on  the  conductor  exactly  such  a  chaige 
as  to  neutralise  its  action  on  the  other.  The  outstanding  action 
on  the  conductor  is  exactly  the  same  as  if  there  were  no  internal 
charge  at  all.  Hence,  it  seems  that  the  action  on  a  magnet 
would  be  independent  of  its  magnetization,  and  would  be  only 
that  feeble  force  due  to  the  electromagnetic  action  of  the  super- 
ficial induced  charge.  It  is  useless  then  to  expect  to  obtain 
measurable  forces  by  the  action  of  electricity  on  magnets,  when 
both  are  carried  along  by  the  Earth. 

It  seems  hardly  necessary  to  point  out  that  the  action  of  two 
conduction  currents  upon  one  another  is  unaffected  by  their 
common  motion,  as  equal  quantities  of  positive  and  negative 
electricities  are  present  at  each  point,  and  there  is  consequently 
no  convection  action.* 

I  have  throughout  this  investigation  left  out  of  account,  as 
too  small  to  be  worth  including,  the  self-induction  of  the  dis- 
placement currents  produced  in  the  dielectrics.  It  is,  however, 
very  desirable  that  their  action  should  be  completely  investigated, 
in  order  to  see  whether  they  can  produce  measurable  effects,  for 
instance  in  the  case  of  powerful  electromagnets.f 

*  It  may  be  worth  while  remarking  that  the  actions  of  conyection  currents, 
which,  with  Maxwell's  equations,  seemed  to  need  an  additional  assumption,  come 
out  as  obvious  results  of  the  equations  as  here  given. 

[t  See  Lorentz,  "  Versuch  einer  Theorie  der  elektrischen  und  optischen  Erschei- 
nungen  in  be wegtenKorpem,*' Leiden,  1895  ;  Lormor,  '*^therand  Matter,*'  1900, 
section  iii.] 
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ON  DE.  EDDY'S  HYPOTHESIS  THAT  RADIANT  HEAT  IS 
AN  EXCEPTION  TO  THE  SECOND  LAW  OF  THERMO- 
DYNAMICS 

[From  the  Sdeniifie  Proceedingt  of  the  Jtoyal  Dublin  Soeietp. 

Bead  December  18,  1882.] 

In  the  Scientific  Proceedings  of  the  Ohio  Mechanics'  Institute 
for  July,  1882,  and  at  the  meeting  of  the  American  Association 
for  the  Advancement  of  Science  in  Jlontreal,  Dr.  Eddy  proposed 
an  exceedingly  ingenious  expeiiment,  by  which  he  expected  that 
it  would  be  possible  to  get  radiant  heat  to  pass  from  a  cooler  to 
a  hotter  body.  I  had  the  pleasure  of  hearing  his  paper  at 
Montreal,  and  though  I  then  saw  no  flaw  in  his  reasoning,  I 
pointed  out  to  him  that  he  had  only  taken  two  of  the  bodies 
concerned  into  consideration,  yet  I  dared  not  express  a  decided 
opinion  on  the  matter  without  further  consideration.  The 
further  consideration  has  resulted  in  my  thinking  that  the 
reasoning  is  not  valid,  as  I  hope  to  be  able  to  point  out. 

I  shall  take  what  seems  to  me  an  experiment  somewhat 
simpler  in  theory,  though  one  that  would  be  harder  to  carry  out 
in  practice,  than  Dr.  Eddy's. 

Suppose  that  two  regions  A  and  B  are  separated  by  three 
parallel  screens  /,  m,  and  ti,  having  apertures  in  them  x,  y,  «, 
capable  of  being  opened  and  closed  from  the  centre,  so  as  to  make 
everything  perfectly  symmetrical  round  the  line  AB  perpendicular 
to  the  screens.  Now,  if  o^-  be  opened  for  a  very  short  time,  a  certain 
quantity  of  radiant  energy  will  escape  out  of  A  into  the  region 
between  I  and  m ;  and  if  y  be  opened  when  this  heat  reaches  m 


I20 
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it  can  certainly  be  let  on  into  the  region  mn ;  and  if  2  be  simi- 
larly opened  when  it  reaches  it,  this  radiant  heat  will  get  into 
B.  While  z  was  open,  however,  some  heat  left  B ;  but  as 
Dr.  Eddy  observes,  y  may  be  closed  so  as  not  to  let  this  ever 
get  through  the  screen  m,  and  it  can  be  all  returned  into  B  by 
reflection  through  z  or  some  other  aperture.  So  far  I  entirely 
agree  with  Dr.  Eddy,  and  so  far  it  seems  as  if  the  result  had 
been  to  transfer  heat  from  A  to  B  without  B's  losing  any  heat 
by  having  it  transferred  to  A.  As  I  warned  Dr.  Eddy  when  I 
heard  his  paper,  there  are,  however,  other  bodies  and  regions  to 
be  considered  besides  A  and  B.  There  are  more  than  two  bodies 
considered :  there  is  the  region  of  the  screens.  Consider  what 
happens  when  the  heat  that  escaped  out  of  B  into  the  mn  r^on 
tries  to  get  back  into  B.    Some  door  must  be  open  to  let  it  pass. 


m 


B 


and,  while  it  is  passing  iu,  au  at  least  equal  amount  of  heat  will 
be  passing  out  of  B  into  the  mn  region,  so  that  you  can  never 
really  get  the  heat  that  has  once  left  B  back  into  B  again.  This 
is  true  whether  you  adopt  doors  over  fixed  apertures  such  as  I 
have  supposed,  or  moving  apertures  such  as  Dr.  Eddy  proposed. 
^What  really  takes  place  is  this  :  a  certain  quantity  of  heat 
escapes  out  of  A  and  reaches  B,  and  a  not  less  quantity  of  heat 
leaves  B  and  is  kept  entangled  in  the  region  of  the  screens,  and 
it  is  only  possible  to  let  the  heat  pass  from  A  to  B  by  means  of 
this  third  region.  Hence  this  only  really  comes  to  the  same 
thing  as  letting  A  radiate  some  of  its  heat  into  the  screen 
region  while  B  is  kept  closely  shut  up.  Now  be  it  observed 
that  Dr.  Eddy  practically  postulates  that  this  screen  region  is  at 
least  colder  than  A — in  fact  he  assumes  it  to  be  perfectly  cold, 
i.  e.  to  contain  no  radiant  heat  except  what  is  admitted  from  A 
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and  B,  so  that  it  is  by  no  means  contrary  to  the  theory  of  ex- 
changes that  A  might  cool  by  radiating  into  this  region. 

This  seems  to  me  to  be  a  perfectly  satisfactorj'  explanation 
of  what  would  take  place,  though  it,  for  the  present,  dispels  the 
vision  of  an  immortal  universe.  This  experiment  of  Dr.  Eddy's, 
however,  seems  to  call  attention  to  the  fact  that  a  region  of 
motionless  ether  must  be  considered  as  practically  a  cold  body 
capable  of  absorbing  radiations.* 

[*  This  subject  is  now  more  fully  analyzed  and  understood,  through  the  woik 
of  Bartoli,  fioltzmann,  W.  Wien,  Rayleigh,  and  others ;  for  a  brief  diienasioin, 
to  which  Prof.  Fitz  Gerald  contributed,  see  Larmor,  Brxi,  Assoc.  Report^  1900, 
reprinted  tif/ra.] 
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ON  THE  QUANTITY  OF  ENERGY  TRANSFEEKED  TO  THE 
ETHER  BY  A  VARIABLE  CURRENT 

[From  the  Trmuactionf  of  ike  Royal  Dublin  Socitty  (N.  S.,  Yol.  III). 

Bead  NoTember  19,  1883.] 

I  TAK£  the  simple  case  of  a  small  circular  current  varying 
according  to  the  simple  periodic  pendulum  law. 

If  the  current  be  a  small  circle  of  radius  a  round  the  origin 
in  the  plane  xy,  then  the  direction  of  the  electromagnetic  poten- 
tial (81)  at  any  point  is  evidently  in  the  circumference  of  a  circle 
through  the  point  parallel  to  the  current,  and  whose  centre 
is  on  the  axis  of  z,  and  its  amount  is 

icos  Orffl 


91  s^ 


when  B  is  the  angle  between  the  element  of  current  ad9  and  the 
direction  of  the  potential  at  the  point,  and  i  the  intensity  of  the 
current 

This  value  is  not  the  complete  value  when  i  varies,  because 
there  are  then  displacement  currents  due  to  the  variations  of 
electric  displacement  which  produce  electromagnetic  potentials 
of  their  own.  The  complete  value  of  21  must,  however,  be  such 
as  to  satisfy  the  equation 

A»a  +  Kfx%  =  0, 

for  all  points  outside  the  current,  and  must  vanish  at  infinity. 
Now,  if  i  be  simply  periodic,  we  may  assume 

r 


i  =  %  cos  27r  ^, 
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and  if  we  take 


2w 
9  -  /irtto  J  008  ddO, 


C08y(f-J5Jir) 


it,  as  a  function  of  r,  satisfies  the  required  conditions,  and  for 
small  values  of  r  and  large  values  of  T  is  the  same  as  if  we 
neglected  the  displacement  currents. 

In  order  to  get  the  energy  of  the  ether  due  to  the  displace- 
ment currents  in  it  we  must  calculate 

T'iJff{Fii'¥Ov'^ffw)dxdydz'iJJlS(^(i)dxdydz. 
Now,  as  ff  «  -  r—^  in  this  case,  and  as  ^  is  parallel  to  % 
inasmuch  as  $1 «  -  -mt^' 

2jn  («*o;  JJjy 1 costfrfflj  dxdydz. 


In  order  to  calculate  this  we  must  calculate  the  value  of 

\] ^ cos  9d9 


f^coB-^  (t-jKiir)      ^    Y 


» fcos  ^j^  r  T'^'  -.t  r  ^^'      Y 

^cos  ^j T^ cos  erf©  +  sin  ^^J J—cos9d9)' 

Now  as  all  we  require  is  the  average  energy  of  the  vibration, 
it  e\idently  depends  on  the  part  independent  of  the  time  in 
this,  t.  c.  on 

i cosOrfffJ  +  \] i eo&9d9)' 
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If  we  call    ^'^  ^  a  /  -  -^,  when  X  is  the  wave-length,  we 

JL  A 

require  to  calculate  the  values  of 

['^^m,    and  of    |?^co8W9. 

In  order  to  do  this  I  shall  assume  a  the  radius  of  the  current 
small,  and  take  R  the  distance  of  the  point  from  the  centre  of 
the  current,  and  j9  its  distance  from  the  axis  of  z ;  then 

r-  (iP-2apcose  +  a*)*--B(l-^cose); 
therefore        cos/r  «  cos2i2  +  -5  sin 2£  cos  9; 

Jti 

-  cos /r     cos /-B      op        ^,      ,_,     ,_    .    ,_,. 

and — =7—  +  -^  cos  0  (cos  IR-^lBsm  IR), 

r  R         R^  ^  ' 

o-    -1    1         sin/r     WilR     ap  .-^ 

Similarly,      =  — 5—  +  -^  cosO(sin/iJ  -  IR  cos/J2); 

rCOS  iT  CVO 
cosOdfl  =  ir-^  (cosZ-B  +  IR  sin/jB), 


r 


5^^  cos  erffl  =  IT  ~  (sin  IR  -  IR  cos  IR). 


Hence  the  sum  of  the  squares  of  these  integrals  is 


»»a»  g  (1  +  PS?). 


So  that  the  average  value  of  T  is* 

T  -  (ira'v,)»  ^'  J/f  (1  +  /"iP)  ^  rfa-  «fy  &. 

If  this  be  integrated  over  the  sphere  of  which  -B  is  a  radius, 
it  will  give  the  average  energy  on  that  sphere. 

[*  The  average  is  half  this,  on  accouat  of  the  alteraation  ;  but  as  there  is  also 
an  equal  average  amount  of'  potential  energy,  the  formula*  for  the  total  energy* 
which  follow  are  correct    See  p.  128.] 
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Now        p-^sin^,    dxdydzm  IP  ^^d^dipdR 
So  that  if  we  assume  22  constant,  the  average  superficial  eneigy 
is 

.(«v.r|(i+pj?)^ 

Now,  one  part  of  this  is  independent  of  the  size  of  the  sphere, 
while  the  other  part  varies  inversely  as  the  square  of  the  distance 
from  the  current.  It  is  evidently  only  the  first  part  of  the  eneigy 
that  is  really  radiated ;  and  if  we  assume  that  it  moves  with  the 

same  velocity  as  the  waves,  «      ,  we  find  that  the  eneigy 

radiated  per  second  is 

g 

Except  for  the  coeflScient  ^  ir\  this  value  can  be  got  by  eon- 

sidering  the  dimensions  of  the  quantities  involved,  if  we  assume 
that  the  energy  radiated  is  proportional  to  the  square  of  the 
moment  of  magnetism  of  the  radiating  particle  (iraH'o),  which  is 
evidently  the  case  from  the  value  of  the  energy  in  the  form 
Fu  +  Ov  +  Hwy  z&  F,0,  H  and  w,  r,  ^^  are  all  proportional  to 
this  moment 

If  we  calculate  the  amount  of  this  energy  we  find  that  it  ia 
very  small,  except  for  very  rapid  vibrations  indeed.    For 

^-260q.p., 

while  r»  =  26  X  10»^ ;  therefore  ^  »  lO"**  q.p. ; 

and  as  p.  generally  equals  unity  in  electromagnetic  measure,  the 
energy  radiated  =  (ira'Vo)*  x  iV*  x  lO"**,  where  N  is  the  number 
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of  vibrations  per  second,  so  that  even  if  it  were  as  many  as  ten 
million  per  second  (10^),  the  energy  radiated  would  still  be  only 
-i\^  {vd^i^  ergs  per  second. 

If  we  knew  what  the  radiating  power  of  a  gas  were,  and 
assumed  that  its  molecules  gave  their  energy  to  the  ether  accord- 
ing to  the  same  laws  as  varying  electric  currents  do,  we  might 
estimate  the  magnetic  moment  of  what  corresponds  to  electric 
currents  in  a  molecule. 

The  energy  in  the  neighbourhood  of  the  radiating  point  that 
I  rejected  as  vaiying  with  the  distance  from  it,  and  consequently 
as  unconnected  with  the  radiation,  is  what  would  be  got  if  we 
n^lected  the  effects  of  induction  of  the  displacement  currents ; 
i  «.  it  is  the  energy  of  the  forced  displacement  currents  produced 
directly  by  the  variation  of  the  primary  current,  and  which 
start  the  radiating  displacement  currents.  This  part  of  the 
whole  energy  in  the  medium  is  but  a  small  part  of  that  at  any 
point  except  within  a  few  wave-lengths  of  the  origin. 
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ON   MAXWELL'S   EQUATIONS    FOR   THE   ELECTRO- 
MAGNETIC  ACTION  OF  MOVING  ELECTRICITY 

[From  the  Briiith  Aaeeiation  Report,  1883.     See  Noi.  20,  22  supra,'] 

Maxwell  only  once  mentions  this  action  in  his  ''Treatise  on 
Electricity  and  Magnetism/'  in  §  768,  although  it  is  just  as 
necessary  as  his  displacement-currents  in  order  to  be  able  to 
consider  all  circuits  as  closed. 

The  equations  for  the  electromagnetic  field,  §  618,  are  in- 
complete, for  he  introduces  as  the  coefficient  of  c  in  the  equations 

for  the  mechanical  force  -  -~,  -  -~,  and  -  -r^  in  its  three  com- 

dx       ay  dz 

ponents,  while  it  would  be  more  complete  to  have  put  in  P,  Q,  -B, 
the  complete  components  of  the  electromotive  force.  By  so  doing 
he  would  have  introduced  the  terms  c  (ct/)  -  I  (es),  which  are 
evidently  the  terms  expressing  the  convective  action.  Maxwell 
himself  practically  makes  this  substitution  in  §  631,  and  deduces 
indirectly  his  electromagnetic  theory  of  light  from  the  term 

-  e  -j^  thereby  introduced. 
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ON  THE  BNEBGY  LOST  BY  RADIATION  FROM  AITER- 

NATINO  ELECTRIC  CURRENTS 

[From  the  BriiUk  Auociation  Etport^  1883.    See  No.  24  ttrjirv.] 

I  TAK£  the  simple  case  of  a  small  circular  current.  The  com- 
ponents of  the  vector  potential  at  any  point  must  satisfy 
A'JF'+icfJ?'-  0,  while  for  points  very  close  to  the  elements  of 

currents  they  must  be  jP  « /i  -.  Assuming  the  current  simply 
periodic,  c  »  c©  cos  2ir  •=,  then 

^-H ;: rfi^*- 

The  energy  in  any  element  of  the  field*  is  per  unit  volume 

K  " 
Fii  '\-  Gv'¥  Hw,  and  aau  *  -  j-F,  &c.,  we  can  easily  represent  in 

terms  of  the  square  of  the  above  integral  the  energy  per  unit 
volume.  Estimating  it  for  the  case  of  a  very  small  circular 
current,  it  gives  for  the  energy  at  any  time  on  a  sphere  of 
radius  R, 

9      /IP 

where  a  is  the  radius  of  the  small  circuit,  and  e  is  -^'z,  ^. 

I*  Being  in  a  time-average  half  kinetic  and  half  potential.] 
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The  part  of  this,  independent  of  the  radius  of  the  sphere,  is 
e\'idently  the  radiated  energy ;  and,  assuming  it  to  move  with  the 
velocity  of  the  waves,  we  find  the  energy  radiated  per  second 

where  K  is  the  velocity  of  wave-propagation  »  -=•.  This  is  very 
small  indeed,  unless  the  period  T  be  excessively  small. 
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ON  A  METHOD  OF  PRODUCING  ELECTROMAGNETIC  DIS- 
TURBANCES  OF  COMPARATIVELY  SHORT  WAVE- 
LENGTHS 

[From  the  Brituk  A$9oeiatioH  Report^  18B3.] 

This  is  by  utilising  the  alternating  currents  produced  when  an 
accumulator  is  discharged  through  a  small  resistance.  It  would 
1)6  possible  to  produce  waves  of  as  little  as  10  metres  wave- 
length, or  even  less. 


K 


I30  Dust  Repulsion  [1884 


28 


NOTE  ON  DUST  REPULSION 

[From  the  ScUntifie  FroeeeHngt  of  tki  Royal  Dublin  Society, 

Read  Jane  5,  1884.] 

Dr.  Oliver  J.  Lodge  has  pointed  out  that  when  a  body  is 
warmer  than  dusty  air  in  its  neighboiirhood,  the  dust  has  a  ten- 
dency not  to  settle  on  it.  When  speaking  to  him  on  the  subject 
he  did  not  seem  to  have  been  aware  of  Professor  0.  Seynolds' 
experiments  on  the  motion  of  silk  fibres  suspended  in  air  and 
subject  to  radiation,*  which  Professor  0.  Reynolds  explains  by 
the  absorption  of  the  radiations  by  the  silk,  and  the  consequent 
polarization  of  the  air,  warmed  by  contact  with  the  small  fibres, 
producing  an  apparent  repulsion  of  the  fibre.  Professor  0. 
Reynolds'  theory  of  the  radiometer  points  to  the  conclusion  that 
very  small  bodies  would  act  in  dense  air  in  the  same  way  as  the 
comparatively  lai-ge  vanes  of  a  radiometer  do  in  rare  air.  This 
application  of  Professor  0.  Reynolds'  theory  to  explain  the 
tendency  of  the  warmth  of  a  body  to  prevent  dust  settling  on  it 
seemed  very  obvious,  and  occurred  to  me  immediately  I  hecurd 
of  the  experiments  of  Dr.  Lodge,  and  I  woiUd  not  have  thought 
it  worth  while  mentioning  only  that  I  found  that  J)r.  Lodge 
himself  did  not  seem  to  have  noticed  it. 

♦  Phil.  Trans.  R.  S.,  1879,  ptirt  ii.     **  On  Certain  Dimensional  Propeitiea  of 
Matter  in  the  Gaseous  State.** 
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ON  CURRENTS  OF  GAS  IN  THE  VORTEX  ATOM!  THEORY 

OF  GASES 

[From  the  ScUntyfic  Froeeedinpt  of  thi  Soyal  Dublin  Society. 

Read  June  5,  1884.] 

Mr.  J.  J.  Thomson,  in  his  book  on  "  Vortex  Atx)ms,"  has  called 
particular  attention  to  the  fact  that,  the  momentum  of  the  vortex 
ring  being  proportional  to  its  area,  and  its  velocity  through 
the  medium  getting  less  the  greater  its  momentum,  the  velo- 
city of  hot  simple  vortex  atoms  is  less  than  that  of  cold  ones. 
Professor  Osborne  Reynolds,  in  his  review  in  Nature,  Decern.  27, 
1883,  of  Mr.  J.  J.  Thomson's  book,  called  attention  to  the  dis- 
crepancy that  exists  between  this  result  and  the  fact  that  the 
velocity  of  sound  is  greater  in  hot  than  in  cold  gas.  Now,  on 
considering  how  the  velocity  of  sound  in  a  gas  composed  of 
vortex  rings  would  be  propagated,  it  is  at  once  eWdent  that  the 
usual  equations  of  motion  do  not  apply  to  a  system  of  atoms 
whose  momentum  is  not  proportional  to  their  velocity,  and  this 
at  once  raises  the  question.  What  is  the  momentum  of  a  current 
of  vortex  atoms  ?  •  The  answer  to  this  of  couise  depends  on  what 
the  nature  of  a  current  of  gas  foimed  of  vortex  atoms  is  supposed 
to  be.  If  it  be  supposed  to  be  a  current  of  the  medimn  cariying 
the  vortices  with  it,  and  if  it  be  fuither  supposed  that  the 
amount  of  medium  cany^ing  a  given  mass  of  vortices  is  inde- 
pendent of  their  size,  then  the  momentimi  of  the  current  will 
be,  as  we  know  it  is,  independent  of  the  temperature  of  the  gas. 
These  assumptions,  however,  seem  quite  at  variance  with 
Mr.  J.  J.  Thomson's  investigation  as  to  the  relative  velocity  of 

K  2 
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hot  and  cold  vortex  atoms,  where  he  assumes  that  each  vortex 
atom  moves,  independently  of  the  rest,  through  a  medium  at 
rest,  and  carries  its  momentum  with  it,  and  that  the  general 
cfiect  is  simply  the  superposition  of  the  effects  due  to  these 
independent  vortices.  The  assumption  as  to  the  nature  of  a 
current  of  gas,  that  is  consistent  with  this  method  of  treating 
the  subject,  is  the  usual  assumption  that  a  current  of  gas  consists 
in  the  motions  of  the  molecules  being  so  polarized  that  there  are 
a  greater  number  of  molecules  moving  in  the  direction  of  the 
current  at  any  one  time  than  in  any  other  direction,  hxU  thai 
the  molecules  are  moviny  individticUly  independently,  and  in  the 
same  mxinner  as  they  do  in  a  gas  at  rest.  For  instance,  if  a  region 
in  which  there  were  many  vortex  atoms  were  in  commimication 
with  one  in  which  there  were  only  a  few,  the  vortex  atoms 
would  diffuse  in  a  current  out  of  the  former  into  the  latter. 
Now  the  momentum  of  this  current  for  a  given  number  of 
vortex  atoms  transferred  per  second  across  unit  area  would 
depend  on  the  momentum  of  each  vortex  atom,  and  as  this 
momentum  is  not  proportional  to  the  velocity  of  the  atom,  and 
is  a  function  of  its  temperature,  it  is  evident  that  the  momentum 
of  such  a  current  would  be  a  function  of  its  temperature. 

The  whole  notion  that  atoms  are  vortex  rings  in  a  medium 
raises  serious  difficulties  as  to  the  amount  by  which  this  medium 
is  carried  along  by  the  motion  of  the  Earth,  for  instance,  and  by 
solid  bodies  enclosing  masses  of  gas.  If  the  Earth  does  not 
carry  the  medium  with  it,  the  vortex  atoms  in  the  air  must  be 
so  energetic  as  to  be  moving  at  nineteen  miles  a  second  through 
it,  and  their  size  and  momentum  must  vary  considerably  from 
day  to  night,  as  they  are  going  so  much  more  rapidly  at  night 
than  by  day.  Similarly  the  momentum  of  an  enclosed  mass  of  gas 
would  vary  with  its  temperature,  if  moving  the  enclosure  only 
moves  the  enclosed  vortices.  On  the  other  hand,  if  the  Earth  does 
carry  the  mediimi  with  it,  what  withstands  the  centrifugal  force 
of  this  revolving  medium  ?  Why  does  it  not  originate  an 
enormous  vortex  ?  This  and  similar  difficulties  seem  to  point  to 
the  conclusion  that  to  suppose  atoms  to  be  simple  ring  vortices 
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• 

in  a  perfect  liquid  can  hardly  be  an  adequate  theory.  There 
seems  very  good  reason  for  believing  that  the  h]rpothe8is  that 
the  medium  is  simply  a  perfect  liquid  is  haixlly  sufficient.  It 
certainly  is  not  sufficient  to  explain  luminous  and  electrical  and 
magnetic  phenomena,  to  suppose  the  ether  to  be  simply  a  perfect 
liquid  at  rest ;  and  though  it  is  too  much  to  say  that  it  will  not 
ultimately  be  found  a  sufficient  foundation  for  a  theoiy  of  matter 
and  material  phenomena,  at  present,  at  least,  there  seems  very 
little  prospect  of  anybody's  inventing  how  it  ought  to  be  moving, 
in  order  to  have  the  known  properties  of  the  ether ;  and  even 
tlie  ingenious  attempt  to  explain  matter  as  due  to  simple  ring 
vortices  in  it  seems  too  simple  to  be  adequate. 
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ON  A  METHOD  OF  STUDYK^G  TRAXSIEXT  CUKRENTS  BY 
MEANS  OF  AN  ELECTRODYNAMOMETER 

[From  the  Se%$nt%flc  Pnceedin^a  ofihi  Sopai  DnbHn  Soeieiy. 

Read  June  7,  1884.] 

Whkn  a  current  of  short  duration,  compared  with  the  period  of 
free  vibration  of  a  galvanometer  needle,  is  passed  through  the 
galvanometer,  the  total  quantity  of  the  current  is  proportional 
to  the  sine  of  half  the  angle  of  swing  of  the  needle.  The  swing 
produced  is  independent  of  the  distribution  of  intensity  of  the 
current  during  its  passage. 

Now,  if  a  similar  transient  current  be  passed  through  an 
electrodynamometer,  we  have  the  following  equation  for  the 
motion  of  the  suspended  coil  while  a  current  C  is  passing: — 

where  /  is  the  moment  of  inertia  of  the  coil  and  K  a  constant. 


Hence  *? 

dt 


jSC'dt 


gives  the  angular  velocity  with  which  the  needle  begins  to  swing. 
If  the  suspension  be  bifilar  during  its  free  swing  the  motion  is 
given  by  the  equation 

/^=- A- Bine. 

where  k  is  a  constant  depending  on  the  method  of  suspension,  &c. 
Hence,  for  the  maximum  swing, 

^  -2/*8inie. 
dt         SI 
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Comparing  this  with  the  other  value,  we  obtain 

/  C'^  =  ?:^  gin  je. 

Now  the  value  oi  jC*dt  depends  upon  how  the  current  varies 
during  its  period  of  transit,  and  if  we  can  form  any  hypothesis 
as  to  the  law  of  its  variation,  we  can  calculate  the  period  it  took 
to  pass,  and  its  maximum  electromotive  force  by  comparing  this 
result  with  that  given  by  an  ordinary  ballistic  galvanometer. 

For  instance,  the  secondary  current  at  any  time  in  Ruhm- 
korJBTs  coil  may,  to  a  first  approximation  at  least,  be  represented 
by  an  equation 

C=  Co  sin  IT -ys, 

where  (7o  is  the  maximum  current,  and  T  the  whole  time  of  flow. 
Tlie  total  current  as  given  by  the  balistic  galvanometer  is 

Q^\Cdt^CA  sin7^^rf^  =  ^i^^  sothat  (7o^=i7rC; 

Jo  ^  ^ 

the  quantity  given  by  the  electrodynamometer  is 


therefore  ^=~^.  and  C^^ 


It  is  thus  easy  to  see  that  the  comparison  of  these  observi*- 
tions  would  give  a  great  deal  of  information  about  transient 
currents. 
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ON  A  NOX-SPARKING  DYNAMO 

[From  the  Sei€ni\fic  Froc€iding$  of  th€  Roffal  DubUn  Socittp. 

Read  June  9, 1884.] 

What  are  called  unipolar  dynamos  have  no  sudden  change  in 
the  nature  of  the  sliding  contact,  which  is  essential  in  all 
dynamos,  and  are  consequently  non-sparking.  The  arrangement 
I  am  about  to  describe  is  somewhat  different,  and  is  an  appli- 
cation to  a  dynamo  of  the  principle  that  Maxwell  applied  to 
Sir  William  Thomson's  electric  doubler  (Maxwell's  "  Electricity 
and  Magnetism,"  vol.  i,  p.  298,  s.  213)  in  order  to  prevent  sparks 
in  it,  and  which  he  likened  to  the  regenerator  in  a  heat  engine. 
Consider  a  series  of  coils  arranged  to  rotate  in  a  magnetic 
field  as  a  giamme  ring,  but  with  their  wires  unconnected  with 
one  another,  each  coil  being  connected  with  a  separate  com- 
mutator and  pair  of  brushes,  and  half  the  brushes  being 
connected  with  one  electrode,  and  the  other  half  with  the  other. 
In  this  case  the  current  would  in  general  go  through  a  number  of 
the  coils  in  parallel  circuit.  Now  it  is  evident  that  by  a  suitable 
arrangement  of  the  magnetic  field  and  of  the  positions  of  the 
brushes  on  the  commutator,  it  could  be  arranged  that  the  break 
of  contact  of  the  brushes  and  commutator  should  take  place 
when  the  current  in  the  coil  was  zero.  This  is  evident,  because 
if  the  brushes  made  contact  throughout  a  whole  revolution,  as 
in  an  alternating  current  dynamo,  tlie  current  would  be  reversed 
every  half  revolution ;  and  if  the  instant  of  reversal  were  the 
instant  of  break  of  contact,  this  would  happen  when  no  current 
was  passing  in  the  coils.     It  is  not  possible  to  arrange  this 
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unless  there  are  at  least  two  parallel  coils  carrying  the  current, 
as  otherwise  the  whole  current  would  be  fluctuating,  and  might 
as  well  be  alternating.  "With  a  niunber  of  coils  parallel,  it 
would  e'sddently  be  quite  possible  to  arrange  that  the  time  of 
break  of  contact  of  each  pair  of  binishes  and  its  commutator 
should  occur  when  no  current  was  running  in  the  corresponding 
coiL  One  way  of  doing  this  would  be,  as  in  Maxwell's  electric 
doubler,  to  arrange  a  subsidiary  magnet  system  to  alter  the 
magnetic  field  until  the  desired  eflect  was  produced.  In  any 
arrangement,  with  a  number  of  coils  in  parallel  circuit,  it  would 
be  necessary  to  be  particular  as  to  the  arrangement  of  the 
magnetic  field,  for  fear  of  the  currents  being  reversed  in  some  of 
the  coils.  This  would  eAidently  waste  a  good  deal  of  energy  in 
heating  the  coils.  In  the  proposed  arrangement  the  energy  of 
self-induction  usually  wasted  in  sparks  would  be  spent  in 
keeping  the  current  running  in  the  line,  and  there  is  reasoA  to 
expect  that  such  a  dynamo  would  not  exhibit  the  apparent 
increase  of  resistance  with  speed  pointed  out  by  ]\Iessrs.  Ayrton 
and  Perry. 
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ON  AX  ANALOGY  BETWEEN  ELECTRIC  AND  THERiTAL 

PHEN03IENA 

[From  the  ScUnti/te  Froceedingi  of  the  Boyal  Dublin  Society, 
B«ad  NoTember  17,  1S84.    See  No.  5.] 

The  object  of  the  following  communication  is  to  show  how  little 
we  know  of  the  nature  of  what  are  called  electric  currents,  by 
pointing  out  that  electric  quantities  may  be  described  in  terms 
of  temperature  and  entropy  just  as  satisfactorily  as  in  terms  of 
pressures  and  volumes,  which  are  the  terms  analogous  to  electric 
potential  and  quantity  of  electricity  in  consonance  with  the 
usually  drawn  analogy  between  an  electric  current  and  a  current 
of  an  incompressible  fluid,  upon  which  is  founded  such  terms  as 
electric  current  and  electric  displacement.  The  thermal  analogy 
usually  drawn  is  between  quantity  of  electricity  and  quantity  of 
heat ;  but  I  think  the  analog)'  I  am  pointing  out  is  in  everj"  way 
preferable,  for  energy  is  of  the  nature  of  temperature  by  entropy, 
just  as  it  is  of  the  nature  of  pressure  by  volume  or  potential  by 
quantity  of  electricity.  The  work  done  in  bringing  a  quantity 
of  entropy,  ^,  from  temperature  Ti  to  Tt  is  ir=  (Ti  -  Ti)^; 
and  if  the  transference  be  effected  in  a  reversible  manner,  the 
entropy  taken  from  one  source  is  equal  to  that  given  to  the 
other.  Indeed  we  can  easily  conceive  of  systems  in  which  all 
transference  of  entropy  is  effected  without  loss,  and  in  that  case 
the  quantity  of  entropy  would  be  constant.  It  is  to  be  observed 
that  the  temperature  and  entropy  of  a  body  are  quite  indepen- 
dent of  one  another,  so  that  we  can  suppose  either  to  be  altered 
while  the  other  remains  constant.    If  we  apply  this  conception  to 


1 884]  Electric  and  Thermal  Pheuometia  139 

electrostatic  phenomena,  we  must  call  potential  the  temperature 
of  the  ether  and  quantity  of  electiicity  its  entropy.  As  the 
same  relations  connect  these  pairs  of  analogues  with  energy 
they  will  obey  similar  laws,  and  what  is  further  required  is  to 
show  how  it  may  be  supposed  that  bodies  at  different  tem- 
peratures can  throw  the  intervening  medium  into  the  sort  of 
stress  that  Maxwell  has  shown  is  required  to  explain  electro- 
static forces.  I  premise  that  I^Iaxwell  has  not  made  any  attempt, 
in  his  "  Electricity  and  Magnetism,"  to  make  the  corresponding 
step  of  showing  what  sort  of  a  thing  an  electric  displacement  is 
that  it  may  produce  these  stresses,  so  that  the  line  I  am  pointing 
out  goes  beyond  Maxwell's  analogy,  but  must  be  considered  as 
only  a  dim  sort  of  hypothesis,  and  not  as  a  complete  theory. 

In  the  first  place,  it  is  evident  that  a  non-conductor  must  be 
a  mediimi  that  can  have  different  temperatures  at  different  parts 
without  entropy  being  conducted  from  one  place  to  another, 
I.  f.  without  conduction  of  energy ;  and  a  conductor  must  be  an 
engine  that  transfers  entropy  undiminished,  and  always  pro- 
duces heat  or  work  equivalent  to  the  degradation  of  energy. 

Now  a  distribution  of  molecules  of  a  gas  and  their  velocities 
is  possible  by  which  there  would  be  stresses  in  the  gas  similar  to 
those  required  by  electrostatic  phenomena,  and  yet  without  either 
currents  of  gas  or  conduction  of  heat  taking  place.  The  mole- 
cules of  a  material  gas  do  not  get  themselves  or  their  velocities 
distributed  in  this  way  by  differences  of  temperature:  in  all 
material  gases  there  is  certainly  conduction  of  heat,  but  it  seems 
probably  possible  to  invent  a  law  of  action  between  molecules 
which  shall  produce  any  required  law  of  distribution  of  molecules 
and  their  velocities.  A  somewhat  similar  problem  was  solved 
by  Maxwell  when  he  calculated  the  law  of  force  between  mole- 
cules, in  order  that  the  temperature  at  all  points  in  a  column  of 
gas  subject  to  gravity  might  be  the  same.  As  the  whole  thiiig 
is  so  hypothetical,  I  have  not  thought  it  worth  while  attempting 
to  work  out  the  law  of  action  between  molecules  that  would 
account  for  the  distribution  of  velocities  required  by  my  hypo- 
thesis. 
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If  the  number  of  molecules  going  in  a  direction  defined  by  a 
direction-angle  0  be  represented  by  (/li  ■  cos  9) 

and  if  the  velocity  of  the  corresponding  molecules  be 

^  «  t;o  +  r,  (/li*  -  J), 

then  there  will  be  neither  currents  of  gas  nor  to  the  second  order 
of  small  quantities  any  conduction  of  heat,  but  the  pressure  will 
be  different  in  different  directions,  and  will  be,  parallel  to  the 
direction  from  which  0  is  measured 

and  in  every  direction  at  right  angles  to  this 
where* 

and  p  =  ^jr  (t7o  -  \v^  {tiKo^  +  Im^Vt  -  mxv^\. 

If  in  this  ??ia  and  Vt  be  negative  quantities,  p  will  be  negative, 
and  the  state  of  stress  will  be  a  pressure  less  than  the  average 
along  the  line  fiom  wliicii  0  is  measured,  and  an  equal  excess 
above  the  average  pressure  in  every  direction  at  right  angles  to 
this;  and  this  is  the  state  of  stress  tliat  Maxwell  has  shown 
will  explain  electrostatic  forces. 

If  we  take  the  particular  case  of  two  parallel  planes,  and 
suppose  P  and  p  constant  all  the  way  across,  as  they  evidently 
must  be,  we  have,  supposing  vh,  =  0,  tliat  m^v^  and  m^v^tt  must 
be  constant  as  we  go  across,  so  that  v^  and  r,  must  vary  inversely 
as  the  square  root  of  7/I0 ;  and  if  we  suppose  temperature  defined 
by  the  square  of  the  velocity,  z.  e.  by  ro',  we  have  that  it  must  be 
of  the  form  T^  +  TyVy  where  To  and  T,  are  constants,  and  r  the 
distance  from  one  of  the  planes. 

In  this  method  of  describing  electrostatic  phenomena,  wliat 
IMaxwell  calls  the  electric  displacement  would  be  proportional 
to  the  square  root  of  "p ;  and  what  he  describes  as  the  polarization 
of  the  medium  I  would  describe  in  the  same  words,  and  explain 

[*  These  formulie  seem  to  require  alteration.] 
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as  a  distribution  of  the  molecules  and  their  velocities  in  which 
these  were  not  uniformly  distributed  in  every  direction. 

I  have  not  propounded  any  hypothesis  as  to  the  nature  of 
conduction,  but  it  would  evidently  correspond  to  a  transference 
of  entropy  by  means  of  heat  engines  which  would  produce  heat 
corresponding  to  the  resistance  of  the  conductor,  and  also  produce 
magnetic  phenomena  in  the  neighbouring  dielectric.  I  have 
not  propounded  any  hypothesis  as  to  the  nature  of  magnetic 
displacements,  but  it  seems  probable  that  they  might  be  illus- 
trated by  introducing  molecular  rotation. 

I  am  bringing  forward  this  communication  not  at  all  so  much 
for  the  sake  of  the  hj-pothesis  it  contains  as  for  the  sake  of  calling 
attention  to  the  purely  analogical  nature  of  the  description  of 
electric  currents  as  cuiTcnts,  and  electric  displacements  as  dis- 
placements. The  analogj'  between  electric  currents  and  currents 
of  an  incompressible  fluid  is  so  complete  and  so  easily  drawn, 
that  there  is  serious  risk  of  our  being  as  much  hampered  in  future 
advances  by  our  imagining  this  analogy  to  be  a  likeness  as  we 
have  been  in  the  past  by  the  theories  of  action  at  a  distance, 
which  still  control  the  text-books  and  the  ordinary  methods  of 
speaking  of  electrical  phenomena  to  such  an  extent  that  most 
people  find  it  almost  impossible  to  think  of  electric  and  magnetic 
phenomena  in  any  other  light.  For  fear  of  our  being  similarly 
hampered  by  the  words  "  electric  displacement "  and  "  electric 
current,"  I  think  it  worth  while  pointing  out  that  just  as  these 
words  presuppose  an  analog)^  between  electric  quantity  and 
volume  of  liquid,  and  electric  potential  and  pressure  of  liquid^ 
similarly  it  is  quite  possible  to  draw  another  analogy,  namely 
between  electric  quantity  and  entropy,  and  electric  potential 
and  temperature,  so  that  with  these  two  different  analogies  in 
view,  it  may  be  the  less  likely  that  the  student  should  look  upon 
either  as  anything  more  than  an  analogy,  until  further  inves- 
tigation shows  that  there  is  either  a  real  likeness  to  one  or 
the  other,  or  that  the  electric  phenomenon  is  s\d  generis,  and 
unlike  either,  which  latter  is  in  my  opinion  the  more  probable 
supposition. 
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OiV  A  MODEL  ILLUSTRATING  SOME  PROPEIlTIEa  OF 

THE  ETHER 

[From  the  Sdentijle  Proctedingi  of  the  Roftal  Dublin  SoeUiff. 
Bead  January  19»  1885.     See  the  Introduction.] 

The  model  I  have  constructed  consists  of  a  series  of  wheels, 
rotating  on  axes  fixed  perpendicularly  in  a  plane  board,  and 
connected  together  by  indiarubber  bands.  The  axes  are  fixed 
at  the  intersections  of  two  systems  of  perpendicular  lines,  and 
each  wheel  is  connected  with  each  of  its  four  neighbours  by  an 
indiarubber  band.  Thus  all  the  wheels  can  rotate  without  any 
consequent  straining  of  the  system  if  they  all  rotate  at  the  same 
rate.  If,  however,  some  of  the  wheels  be  rotated  through  a 
different  angle  from  othei*s,  the  indiarubber  bands  will  be 
strained. 

If  it  is  desired  to  represent  a  region  in  which  conducting 
matter  exists,  it  will  be  represented  by  removing  the  bands 
from  a  set  of  wheels.  Suppose  the  bands  ai^  removed  from  the 
regions  a  and  J,  and  from  the  connecting  line  ab,  we  can  repre- 
sent the  charging  of  these  regions  with  opposite  electricities  by 
introducing  some  mechanism,  by  means  of  which  the  wheels  on 
opposite  sides  of  the  line  ab  can  be  rotated  in  opposite  directions. 
And  now  I  desire  to  explain  that  I  do  not  intend  the  model  to 
illustrate  at  all  the  connexion  between  the  ether  and  the  matter, 
and  indeed  think  it  one  of  the  advantages  to  be  derived  from 
studying  this  model  that  it  so  distinctly  emphasizes  the  dis- 
tinction between  tlie  phenomena,  depending  on  the  general 
properties  of  the  ether  by  itself,  and  those  depending  on  its 
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connexion  with  matter.  For  instance,  from  this  very  case  we 
are  considering,  we  get  impressed  upon  us  that  it  is  by  means  of 
matter  only  that  we  can  get  a  hold  on  the  ether  so  as  to  strain 
it.  As  I  am  not  careful  to  illustrate  the  connexion  between 
matter  and  ether,  any  rough  method  of  turning  the  wheels  so  as 
to  create  the  proper  strain  will  do  well  enough,  as  it  is  not  the 
method  of  producing  but  the  nature  of  the  strain  produced  that 
I  wish  to  study.  Having  once  rotated  these  wheels,  we  may 
replace  the  bands  along  the  line  a&,  and  we  have  the  state  of  the 
ether  between  two  oppositely  electrified  bodies  represented  on 
the  model  Observe  that  half  the  indiarubber  bands  are 
strained,  and  that  in  hues  runnuig  round  the  bodies  the  tight 
side  of  a  band  is  always  away  from  one  body  and  next  the 
other.  This  represents  the  polarization  of  the  ether.  Clerk 
Maxwell  defines  polarization  as  a  state  in  which  the  opposite 
sides  of  each  element  are  in  opposite  states.  Now  the  opposite 
sides  of  each  band  are  in  opposite  states,  one  side  loose,  the  other 
tight ;  and  so  it  can  verj^  well  represent  the  polarized  state  of 
the  ether.  The  displacement  producing  the  polarization  is  due 
to  the  different  rotation  of  the  wheels  carr)ing  the  band  causing 
more  of  the  band  to  be  at  one  side  of  the  wheels  than  the  other : 
less  at  the  tight  and  more  at  the  loose  side  of  the  pair  of  wheels, 
and  this  represents  the  electric  displacement  producing  the 
polarization.  The  direction  of  this  displacement  is  at  right 
angles  to  the  line  of  the  bands  that  are  strained,  and  is  out 
from  one  body  and  in  towards  the  other,  all  round.  Now,  one 
of  the  first  things  one  woidd  expect  a  model  of  the  ether  to 
represent  would  be  the  force  of  attraction  between  these  two 
electrified  bodies,  and  which  is  not  represented  on  my  model. 
This,  however,  is  because  this  force  depends  entirely  on  the 
connexions  between  the  ether  and  matter;  and  as  I  have 
already  explained,  this  connexion  is  not  i^presented  on  my 
model,  and  in  consequence  of  this  the  attraction  depending  on 
this  connexion  is  quite  rightly  not  represented  on  my  model.  I 
may,  however,  be  permitted  to  suggest  a  way  in  wliich  my  model 
might  be  modified  so  as  to  represent  this  force,  especially  as  it 
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will  emphasize  a  point  about  this  force  that  is  frequently  over- 
looked in  describing  electrical  phenomena.  This  point  is  that 
the  force  is  proportional  to  the  square  of  the  electric  displace- 
ment, and  consequently  cannot  be  directly  and  simply  due  to  it» 
as  in  ordinary  solids  forces  are  produced  by  displacement :  for  in 
them  the  force  is  proportional  to  the  displacement,  and  not  to 
its  square.  The  result  is  that  the  sign  of  the  force  is  indepen- 
dent of  the  sign  of  the  displacement,  and  is  the  same  whether  it 
be  positive  and  negative,  or  vice  versa.  This  is  a  very  important 
distinction,  and  is  obvious  when  pointed  out,  for  it  is  evident 
that  it  is  electromotive  force,  and  not  the  mechanical  force,  that 
depends  on  electric  displacement  in  the  same  way  as  mechanical 
forces  depend  on  displacements  of  solids. 

Now,  if  the  wheels  over  which  the  bands  run  were  made  of 
some  deformable,  not  merely  incompressible,  substance,  such  as 
indiarubber,  it  is  evident  that  they  woidd  be  deformed  by  the 
straining  of  the  bands.  Now,  if  inextensible  threads  were 
wound  round  them,  and  the  ends  of  the  threads  connected  re- 
spectively with  the  bodies  a  and  J,  it  is  evident  that,  as  the 
deformation  of  the  circular  wheels  would  enlarge  their  circum- 
ferences, these  threads  would  tend  to  draw  the  two  bodies 
together.  Now,  the  shortening  of  the  threads  would  be 
proportional  to  the  square  of  the  linear  deformation  of  the 
wheels,  and  so  the  resulting  force  might  represent  the  electro- 
static attraction  of  the  two  bodies.  If  we  consider  the  force 
that  would  be  thus  produced  between  two  infinite  planes,  we  see 
that  it  would  be  the  same  no  matter  what  their  distance  apart 
so  long  as  the  polarization  is  kept  the  same ;  and  that  conse- 
quently it  will  represent  a  force  varying  inversely  as  the  square 
of  the  distance  from  a  point.  I  mention  this  crude  mechanism 
in  order  to  show  that  it  is  possible  to  represent  by  mechanism 
the  connexion  between  the  ether  and  matter,  and  also  to 
illustrate  how  electrostatic  attractions  depend  entirely  on  the 
way  the  ether  is  connected  with  matter. 

Let  us  now  return  to  consider  what  other  properties  of  the 
ether  are  represented  by  the  model.    Observe,  in  the  first  place> 
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that  during  the  time  polarization  is  taking  place  the  wheels  are 
rotating,  and  that  the  rate  of  rotation  of  the  wheels  is  pro- 
portional to  the  rate  of  increase  of  polarization,  and  that  the 
direction  of  the  axis  of  rotation  is  perpendicular  to  the  direction 
of  the  displacement.  We,  of  course,  at  once  conclude  that  the 
magnetic  force  is  properly  represented  by  the  rate  of  rotation  of 
the  wheels,  and  its  direction  by  the  axis  of  rotation.  We  thus 
see  that  any  change  of  displacement  produces  rotation  of  the 
wheels,  t.  e.  [magnetic  force ;  and  we  will  presently  see  that 
what  represents  an  electric  current  is  similarly  accompanied  by 
rotation  of  the  wheels.  The  momentum  of  the  wheels  while 
rotating  represents  the  kinetic  energy  of  the  currents  producing 
the  magnetic  force,  and  in  the  case  of  one  current  is  its  self- 
induction.  Now,  if  we  suppose  something  to  loosen  the  hold 
of  the  bands  on  the  wheels,  this  will  represent  the  presence  of 
some  partially  conducting  matter,  for  evidently  perfectly  con- 
ducting matter  must  be  represented  by  the  fact  that  no  amount 
of  difference  of  rotation  of  neighbouring  wheels,  i,  e,  no  amount 
of  electric  displacement,  can  produce  any  polarization,  and  we 
have  represented  it  by  removing  the  bands  from  the  wheels 
entirely:  a  conductor  offering  some  resistence  would  be  re- 
presented by  making  the  bands  loose.  If  the  bands  be  not 
sufficiently  tight  on  the  wheels  between  a  and  b,  they  will  slip 
if  the  polarization  be  carried  far  enough;  and  if  the  kinetic 
be  much  less  than  the  statical  friction,  the  polarization  of  the 
medium  will  suddenly  disappear  by  the  slipping  of  the  bands, 
and  the  energy  of  the  polarization  will  be  converted  into  heat 
along  the  line  of  slipping.  This  e^idently  represents  a  discharge 
between  the  two  electrified  bodies.  Now,  observe  further  that, 
if  the  resistance  to  discharge  be  very  small,  the  momentum  of 
the  wheels  will  carry  them  beyond  theii*  position  of  complete 
depolarization,  and  a  series  of  oscillations  will  be  set  up,  the 
polarization  alternating  in  opposite  directions;  but,  of  course, 
ultimately  all  the  energy  will  disappear  as  heat  along  the  line 
of  discharge.  This  exactly  represents  the  discharge  between 
two  electrified  bodies.    If  the  resistance  to  discharge  be  small 
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enough,  an  oscillating  discharge  is  produced  which,  however, 
ultimatelj  dies  away,  all  its  energy  being  spent  on  heating  the 
wire  along  which  the  discharge  occurs.  Now,  observe  further, 
the  direction  in  which  the  energy  of  the  medium  flows  in  to  the 
line  of  discharge.  It  comes  in  in  the  length  of  the  indiarubber 
bands,  ie.  in  a  direction  at  right  angles  both  to  the  electric 
displacement  and  to  the  magnetic  force,  and  it  comes  in  at  the 
side  of  the  line  of  discharge.  This  is  exactly  what  Professor 
Poynting  has  lately  shown  to  be  the  case  in  the  ether. . 

Let  us  now  consider  the  case  of  a  complete  conducting 
circuit  in  which  there  exists  an  electromotive  force  at  one  place, 
and  resistances  all  round.  This  can  be  represented  by  taking 
away  the  bands,  or  making  them  loose,  along  a  series  of  wheels 
in  a  circuit,  and  arranging  mechanism  for  turning  the  wheels  at 
one  part  of  this  circuit,  and  introducing  some  friction  at  all  the 
other  parts.  Suppose  our  electromotive  force  is  along  the  line 
a&,  and  that  the  resistance  is  introduced  by  friction  along  the 
outside  wheels.  As  I  have  already  explained  that  I  do  not 
intend  my  model  to  illustrate  the  action  between  matter  and 
ether,  any  crude  mechanism  suffices  to  represent  the  electro- 
motive force.  The  circuit  where  there  are  no  bands,  or  loose 
ones,  is  our  conducting  circuit,  and  the  friction  to  the  wheels 
along  it  is  the  resistance  of  the  circuit.  Now,  if  the  wheels  be 
driven  at  any  point  of  the  circuit,  all  the  region  will  be  full  of 
wheels  turning,  for  all  the  wheels  must  turn  simultaneously. 
This  rotation  of  the  wheels  represents  the  magnetic  force,  and 
the  motion  of  the  parts  of  the  wheels  in  contact  with  the  circuit 
being  everywhere  in  the  same  direction  round  it,  represents  the 
electric  current.  There  is  no  transference  of  anything  along 
the  current,  and  the  energy  developed  at  any  point  is  trans- 
ferred to  that  point,  not  along  the  current,  but  in  at  its  side  in 
the  direction  of  the  elastic  bands  perpendicular  to  the  current. 
Now,  this  is  exactly  the  state  of  affairs  that  Professor  Poynting 
showed  to  exist  in  an  electric  current.  This  direction  is  at  right 
angles  to  the  axis  of  rotation  of  the  wheels,  and  also  to  the 
direction  of  polarization  of  the  bands,  i.  e.  to  the  magnetic  and 
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electric  displacements.  The  self-induction  of  this  circuit  is 
represented  bj  the  momentum  of  the  wheels.  It  is  easy  to  see 
how  the  polarization  of  the  bands  is  connected  with  the  resistance 
along  any  length  of  the  circuit.  When  the  resistance  is  great 
the  bands  will  be  greatly  polarized,  t.  c.  the  electric  displacement 
is  great,  i.  e,  the  rate  of  fall  of  potential  will  be  great ;  and  as 
this  will  be  directly  proportional  to  the  resistance,  we  see  that 
the  fall  of  potential  along  any  length  of  the  circuit  is  proportional 
to  the  resistance  of  that  section,  which  is  Ohm's  Law.  In  order 
completely  to  represent  Ohm's  Law,  it  would  be  necessary  to 
arrange  that  the  friction  was  proportional  to  the  rate  of  revolu- 
tion of  the  wheels.  Tliis  however,  is  trenching  on  the  connexion 
of  matter  and  ethei.  Another  question,  similarly  circumstanced, 
is  the  mechanical  force  exerted  on  the  conductor,  due  to  a 
magnetic  field.  It  is  evident  that  the  direction  in  which  to 
look  for  a  mechanism  to  represent  this  would  be  something 
depending  on  the  centrifugal  force  of  the  rotating  wheels;  but 
I  have  not  invented  any  satisfactory  way  of  representing  it 
The  mutual  induction  of  currents  may  be  exhibited  by  making 
two  circuits,  on  one  of  which  the  current  is  forced,  and  on  the 
other  of  which  the  bands  are  simply  loose.  Now,  on  starting 
the  first  circuit,  the  wheels  outside  the  second  all  rotate  the 
same  way,  which  I  have  explained  represents  an  electric  current 
in  it ;  and  the  wheels  inside  will  stay  unmoved  until  the 
friction  of  the  loose  bands  gradually  sets  them  in  motion,  and 
thus,  after  a  little  while,  the  wheels  all  over  the  region  are 
rotating  just  like  those  anywhere  else,*  i.  c.  those  at  opposite  sides 
of  the  circuit  are  rotating  in  the  same  direction,  and  the  current 
has  ceased  in  the  circuit.  The  opposite  eflfect  will,  of  course, 
take  place  on  stopping  the  primary  current. 

I  have  thus  shown  how  the  states  of  the  ether  that  Clerk 
Maxwell  assumes,  in  order  to  explain  electrical  and  magnetic 
phenomena,  can  be  illustrated  by  my  model.  It  is  notdifBcult 
either  to  show  that  the  energy  of  the  ether  can  be  represented 
by  equations  exactly  the  same  as  those  by  which  Clerk  Maxwell 
expresses  it.    We  must,  however,  bear  in  mind  that  my  model 

L2 
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is  onljr  a  one  dimensional  one,  and  would  require  to  be  supple- 
mented by  two  others  in  planes  at  right  angles  to  itself  to 
represent  a  space  full  of  ether.  To  consider,  then,  what  the 
energy  of  the  electromagnetic  field  become  in  one  dimension, 
I  will  deal  with  the  form  to  which  I  reduced  it  in  my  Paper  on 
the  ''Electromagnetic  Theory  of  the  Beflexion  and  Befraction 
oi  Light "  (S.  S.  Trans.,  voL  ii,  1880).  The  potential  energy  in 
an  isotropic  medium  is 

-M[(|-£)Xi-i)MS-i)l-'-^ 

while  the  kinetic  energy  is 


J^-£|||[l'  +  *'  +  e»]^rfyrf^ 


Now  with  only  one  of  the  three  coordinate  planes  existing,  we 
must  evidently  make  £  »  0,  i| «  0 ;  and  if  we  suppose  ^  to  be  the 
angular  velocity  of  the  wheels,  we  evidently  obtain  the  right 
form  for  the  kinetic  energy.    The  potential  energy  depends  on 

the  squares  of  +  —  and  -  -r-.    Observe  that  J  is  the  angle 

through  which  any  wheel  has  rotated ;  then  it  is  evident  that 
—  is  the  rate  of  change  of  this  angle  along  y,  and  is  propor- 
tional to  the  difference  of  stretching  of  the  indiarubber  bands  in 
this  direction,  i,  e.  to  what  I  have  compared  with  electric  dis- 
placement in  the  x  direction ;  and  manifestly,  if  the  bands  obey 
the  usual  laws  of  elasticity,  their  potential  energy  is  proportional 
to  the  square  of  the  stretching.   We  see  similarly  that  the  y  polar- 

ization  is  -  -r-.     It  is  further  evident  that,  with  three  systems 

of  planes  at  right  angles  to  one  another,  we  must  make  the 

potential  energy  depend  on  the  squares  of  {;^ —  t-),  &c.,  ue.  the 

strain  must  be  proportional  to  these  quantities.  Now  the  simple 
mechanism  of  elastic  bands  will  not  do  this  by  itself,  but  it  is 
quite  possible   to  arrange  mechanism  by  which  it  shall  be 


1 885]  some  Properties  of  the  Ether  \  49 

effected ;  for  I  have  been  able  tx)  invent  one  working  by  means 
of  a  fluid  pumped  through  a  network  of  pipes,  by  the  rotation  of 
wheels  so  arranged  that  an  accumulation  of  fluid  in  any  place 
tends  to  stop  the  rotation.    It  is  easy,  then,  to  arrange  that 

such  a  series  of  rotations  as  -= —  j-  -  0  shall  produce  no  accu- 

ay     dz  ^ 

mulation.  Having  shown,  then,  that  the  energy  of  this  medium 
can  be  expressed  in  the  same  form  as  that  of  the  ether,  it  follows 
at  once  that  all  the  results  deduced  from  this  form  of  the  energy 
can  be  reproduced  on  a  model 

I  have  explained  how  it  illustrates  ordinary  electric  pheno- 
mena, and  now  I  wish  to  show  how  the  same  medium  that  can 
illustrate  these  phenomena  can  also  transmit  vibrations  analogous 
to  light.  If  any  series  of  the  wheels  be  suddenly  rotated,  inertia 
will  prevent  those  in  their  neighbourhood  from  being  imme- 
diately rotated.  After  a  little  while,  however,  the  motion  will 
be  transmitted  to  the  neighbouring  wheels,  which  will  transmit 
it  to  their  neighbours,  and  so  on,  a  wave  of  motion  being 
transmitted  through  the  medium.  If  we  consider  the  nature  of 
the  motion  constituting  the  wave,  it  \vill  be  seen  to  be  directed 
in  the  plane  of  the  wave,  t.  e,  the  wave  will  be  a  wave  of  trans- 
verse vibration.  The  axes  of  rotation  of  the  wheels  are  evidently 
at  right  angles  to  the  direction  of  propagation  of  the  wave,  and 
what  I  have  described  as  the  direction  of  polarization  of  the 
bands,  is  also  at  right  angles  both  to  the  axes  of  rotation  and  to 
the  direction  of  wave-propagation.  This  is  evident  when  we 
consider  that  the  difference  of  rotation  of  neighbouring  wheels 
is  what  causes  the  tightening  of  one  side  of  a  belt  and  the 
loosening  of  the  other ;  and  the  direction  of  polarization  of  the 
bands  is  the  line  joining  the  centres  of  the  tight  and  loose  sides 
of  these  polarized  bands,  and  this  line  is  evidently  at  right 
angles  to  the  line  joining  the  centres  of  the  two  wheels  whose 
difference  of  rotation  causes  the  polarization,  while  this  latter 
line  is  evidently  the  direction  of  wave-propagation.  Now,  this 
is  exactly  analogous  to  what  Maxwell  describes  as  the  nature  of 
the  propagation  of  light  in  the  ether.     The  axes  of  rotation 
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represent  the  direction  of  magnetic  displacement,  while  the 
direction  of  polarization  is  the  direction  of  electric  displace- 
ment The  direction  of  magnetic  displacement  is  the  direction 
of  the  plane  of  polarization  of  the  ray. 

From  the  fact  that  we  can  represent  a  medium  in  three 
dimensions,  such  that  its  equations  of  motion  are  the  same  as 
those  Maxwell  has  shown  must  exist  in  the  ether,  it  is  at  once 
evident  that  it  would  be  possible  to  reproduce  all  the  phenomena 
of  the  reflection  and  refraction  of  light  and  of  polarization  of 
light,  and  that  not  merely  in  ordinary  but  in  crystalline  media, 
so  that  it  would  be  even  possible  to  reproduce  external  and 
internal  conical  refraction  and  the  other  peculiarities  of  the 
wave  surffiuje.  Two  related  cases  may  weU  be  noticed — they 
are  those  of  rotatory  polarization  by  crystalline  and  magnetized 
media  respectively.  The  first  would  obviously  be  obtained  by 
giving  a  twist  to  the  planes  containing  the  wheels,  a  plane 
polarized  ray  would  then  have  its  plane  of  polarization  twisted 
during  its  passage  through  the  medium  in  the  same  way  as  the 
plane  of  polarization  of  a  ray  of  light  is  twisted  in  passing  along 
the  axis  of  a  crystal  of  quartz.  The  phenomena  of  magnetized 
media  cannot  be  so  easily  reproduced.  It  would  evidently 
require  that  something  should  be  rotating  in  the  field  besides  the 
wheels,  and  that  it  and  the  wheels  should  be  so  connected  that 
a  rotation  of  the  wheels  should  tend  to  change  the  axis  of 
rotation  of  this  rotating  something,  which,  reacting  on  the 
wheels,  would  change  their  direction  of  rotation.  Mechanism 
that  did  this  would  reproduce  the  phenomena  of  the  rotatory 
polarization  of  magnetized  media.  It  is  worth  while  remarking 
how  it  is  necessary,  in  order  to  represent  this  phenomenon,  to 
take  into  account  a  change  produced  by  the  wave  in  something 
besides  the  wheels,  &c.,  which  then  reacts  on  the  wave-propaga- 
tion, so  that  the  action  is  altogether  secondary  when  compared 
with  a  peculiarity  of  the  bands  or  wheels  themselves  existing  in 
any  region  independently  of  the  wave  passing  through  it.  This 
latter  state  is  analogous  to  the  state  of  the  ether  inside  a  body 
produced  by  the  presence  of  the  matter  that  causes  its  refractive 
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index  and  spedfio  inductive  capacity  to  differ  from  unity.  The 
dispersion  of  waves  of  different  rates  of  vibration  is,  on  the  other 
hand,  a  secondary  action,  as  is  illustrated  by  several  theories  of 
dispersion  where  the  action  of  the  matter  in  the  wave-propa- 
gation is  due  to  a  reaction  of  the  matter  during  the  wave- 
propi^tion,  and  not  a  permanent  alteration  by  the  matter  of 
the  nature  of  the  medium  of  propagation. 

I  need  hardly  say  that  I  do  not  intend  it  to  be  supposed  that 
the  ether  is  actually  made  up  of  wheels  and  indiarubber  bands, 
nor  even  of  paddle-wheels,  with  connecting  canals.  I  think, 
however,  that  we  may  learn  several  things  as  to  the  conditions 
that  the  elements  of  the  ether  should  fulfil  if  they  are  to  repre- 
sent Maxwell's  equations  by  motions  in  ways  analogous  to  those 
of  my  model  This  supposes  that  quantities,  such  as  the  mag- 
netic displacement  that  obey  the  laws  of  rotation,  are  really  of 
the  nature  of  rotations.  If  this  be  so,  it  is  evident  that  the 
elements  of  the  medium  must  be  capable  of  rotating  any  number 
of  times  without  any  distortional  stress  being  produced,  so  long 
as  the  neighbouring  parts  all  rotate  equally,  while  distortional 
stress  must  be  produced  and  be  proportional  to  the  difference  of 
rotation  of  the  neighbouring  parts  of  the  medium.  It  seems 
from  this  almost  necessary  that  the  ether  must  have  some 
structure,  and  although  Maxwell  has  objected  to  its  having 
anything  like  a  molecular  structure  on  account  of  this  supposition 
requiring  it  to  possess  specific  heat,  yet  I  venture  to  think  that 
it  does  possess  the  specific  heat  it  should  possess  upon  the 
supposition  of  some  sort  of  structure.  Part  of  the  energy  in  a 
volume  occupied  by  any  substance  is  in  the  form  of  vibrations 
of  the  ether  within  that  volume,  and  the  amount  of  this  part  of 
the  energy  will  depend  on  the  temperature  of  the  body.  Simi- 
l«urly  the  heat  required  to  warm  up  a  mass  of  silver  enclosed  in 
a  non-conducting  envelope  (so  that  none  of  the  energy  was 
spent  in  producing  vibrations  in  the  surrounding  ether)  would 
depend  on  whether  the  silver  were  all  in  a  small  lump,  or  were 
in  the  form  of  a  thin  closed  vessel,  including  a  large  volume  of 
ether,  for  this  included  ether  would  require  some  of  the  energy 
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in  order  to  give  it  energy  of  vibration.    If  the  law  connecting 
the  temperature  of  matter  with  the  energy  of  vibration  of  the 
ether  in  contact  with  it  were  known,  it  would  be  possible  to 
calculate  in  this  sense  the  specific  heat  of  ether.    As  all  materials 
are  of  the  same  temperature  when  in  contact  with  ether  in  the 
same  state  of  vibration,  this  specific  heat  of  the  ether  would  be 
independent  of  the  material  of  which  the  envelope  was  con- 
structed.   As  the  energy  of  the  ether  is  all  in  the  form  of  its 
own  vibrations,  and  is  not  propagated  by  conduction,  but  by 
wave-propagation,  it  is  not  in  exactly  the  same  form  as  the  heat 
energy  in  material  bodies;  but  I  see  no  reason  for  assuming 
that,  because  the  ether  has  a  structure,  it  must  be  capable  of 
being  a  vehicle  for  heat  energy  of  exactly  the  same  form  as  that 
in  material  bodies ;   in  fact,  unless  there  were  another  ether 
bearing  to  the  known  ether  the  same  relation  as  the  known 
ether  bears  to  matter,  it  would  be  impossible  that  the  energy  of 
the  known  ether  should  be  in  exactly  the  same  form  as  the  heat 
energy  in  matter.     If  the  medium  have  a  structure  we  can 
explain   electric  polarization  much   more   satisfactorily  as  a 
change  of  structure  than  as  a  displacement.    Maxwell  defines 
polarization  ("  Elect,  and  Mag.,"  vol.  i.,  §  60)  generally  thus : — 
"An  elementary  portion  of  a  body  may  be  said  to  be  polarized 
when  it  acquires  equal  and  opposite  properties  on  two  opposite 
sides."    He,  however,  immediately  afterwards  calls  it  electric 
displacement,  and  there  is  danger  from  this  of  its  being  supposed 
to  be  merely  a  displacement  of  the  medium  in  the  direction  of 
the  electric  displacement.     It  may  be  this,  but  I  think  it  is 
very  desirable  that  the  more  general  notion  of  polarization  as  a 
change  of  structure  of  the  elements  and  not  as  a  displacement 
of  the  elements  should  be  emphasised,  and  it  is  in  the  latter 
form  that  polarization  is  exhibited  in  the  model.    Another  point 
to  which  attention  is  called  by  the  model  is  the  difference 
between  the  mechanical  and  the  electrical  stress  in  the  medium. 
The  model  does  not  represent  the  mechanical  stress  at  alL    This 
latter  depends  necessarily  on  matter,  for  mechanical  stress  is 
a  material  phenomenon,  and  its  connexion  with  the  electric 


18853  some  Properties  of  the  Ether  153 

polarization  depends  on  the  connexion  between  matter  and 
ether.  This  is  true  of  the  mechanical  forces,  due  to  both 
electrical  and  magnetic  polarization.  That  the  mechanical 
stress  is  not  connected  with  the  electric  displacement  in  the 
same  way  as  material  stresses  are  connected  with  their  material 
strains  in  solids  is  ob\ious  from  its  being  proportional  to  the 
square  of  the  displacement,  and  so  being  independent  of  its 
direction.  All  theones  of  the  ether  that  suppose  it  to  be  simply 
a  jelly  with  matter  spread  through  it,  like  grapes  in  a  jelly, 
hardly  seem  to  attribute  sufficient  importance  to  the  difficulty 
of  explaining  upon  any  such  simple  h}^othesis  such  phenomena 
as  electricity  and  magnetism;  and  although  the  equations  of 
motion  of  the  jelly  may  fairly  well  represent  the  equations  of 
motion  of  the  ether,  as  regaids  its  propagation  of  light,  yet  the 
properties  of  a  jelly  prevent  our  supposing  continuous  rotation 
of  its  elements,  which  seems  almost  necessary  in  order  that 
the  same  quantities  which  represent  small  motions  in  the  light- 
propagation  may  represent  known  phenomena  in  electricity  and 
magnetism. 

Although  Professor  Stokes  seems  to  think  that  there  is  no 
contradiction  in  supposing  the  ether  to  be  a  jelly,  and  at  the 
same  time  sufficiently  little  rigid  to  permit  the  free  motion  of 
matter  through  it,  nevertheless,  there  is  no  doubt  that  this  is  a 
serious  stimibling-block  in  the  way  of  a  general  acceptance  of 
the  hypothesis  that  the  ether  is,  in  all  respects,  like  a  thin  jelly, 
and  I  hardly  think  the  difficulty  diminished  when  its  strains,  as 
a  rigid  body,  are  required  to  be  capable  of  producing  permanent 
electrical  forces.  There  are,  of  course,  many  ways  in  which 
matter  may  move  through  the  ether  besides  by  displacing  it;  as, 
for  instance,  in  the  way  in  which  a  volume  of  liquid  water  might 
pass  through  ice,  namely,  by  dissolving  in  front,  and  by  freezii^ 
as  fast  behind,  and  such  hypotheses  do  not  require  any  limit  to 
be  assigned  to  the  rigidity  of  the  ether.  In  all  these  cases  it  is, 
of  course,  evident,  that  when  it  is  once  shown  that  the  energy  of 
the  medium  depends  on  quantities  which  obey  the  laws  of 
Maxwell's  electric  and  magnetic  induction  and  displacements,  it 
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follows  that  the  forces  on  the  places  that  represent  the  electrified 
and  magnetized  bodies  most  be  the  known  electric  and  mag- 
netic attractions  and  repulsions ;  and  one  great  difficulty  in 
framing  hypotheses  as  to  the  connexion  of  the  ether  and  matter 
is  in  explaining  how  the  matter  moves  through  the  ether. 

A  very  beautiful  theory  of  matter  has  been  founded  by  Sir 
William  Thomson  upon  Helmholtz's  theory  of  vortex  motion  in 
a  perfect  liquid,  and  there  seems  no  doubt  that  the  simplest 
theory  as  to  the  constitution  of  the  ether  is  that  it  is  a  perfect 
liquid.  It  seems  unlikely,  from  Professor  J.  J.  Thomson's  inves- 
tigations of  the  properties  of  vortex  atoms,  that  the  simple 
hypothesis  that  an  atom  is  a  mere  vortex  ring  in  a  liquid 
otherwise  at  rest  is  a  sufficient  hypothesis,  and  it  seems  almost 
impossible  to  explain  electric  and  magnetic  phenomena  without 
some  further  hypothesis.  The  hypothesis  that  the  ether  is  like 
a  thin  jelly  in  no  way  explains  this  property,  as  it  is  the  possession 
of  properties  analogous  to  rigidity  that  requires  explanation. 
Now,  it  seems  certain  that  the  only  way  in  which  a  perfect 
liquid  can  become  everywhere  endowed  with  properties  analo- 
gous to  rigidity  is  by  being  everywhere  in  motion.  The  most 
general  supposition  of  this  kind  would  be,  that  it  was  what 
Sir  William  Thomson  has  called  a  vortex-sponge,  i.e,  everywhere 
endowed  with  vortex  motion,  but  with  this  motion  so  mixed  up 
as  to  have  within  any  sensible  volume  an  equal  amount  of 
vortex  motion  in  all  directions.  There  are  many  ways  in  which 
this  supposition  seems  to  be  in  accordance  with  what  we  know 
of  the  properties  of  the  ether.  One  would  expect  that  electro- 
static forces  would  be  due  to  the  irrotational  parts  of  the  fluid, 
while  the  electromagnetic  forces  would  be  due  to  the  rotational 
parts.  There  are  a  great  many  ways  in  which  such  a  vortex- 
sponge  could  be  polarized.  If  it  consisted  of  vortex  filaments  they 
might  have  either  a  solenoidal  or  lamellar  polarization ;  and  if  it 
consisted  of  vortex  rings  they  might  also  have  their  motions 
polarized  so  as  to  move  parallel  to  lines  or  planes  which  would 
correspond  to  solenoidal  or  lamellar  polarizations.  Besides  this, 
the  axes  of  the  vortex  filaments  or  rings  themselves  might  be 
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bent,  or  their  sections  distorted,  introducing  thus  two  new 
sources  of  forces.  It  is  thus  visible  that  the  proposed  suppo- 
sition introduces  modes  of  producing  force  between  different 
}>arts  of  the  medium  in  a  sufficient  number  of  ways  to  explain^ 
not  only  electric  and  magnetic  forces,  but  cohesional  and 
chemical  forces.  I  have  not  made  any  supposition  as  to  the 
nature  of  matter.  The  supposition  that  the  ether  is  a  vort^- 
sponge  in  a  perfect  liquid,  does  not  diminish  the  number  of 
possible  hypotheses  as  to  the  constitution  of  matter:  on  the 
contrary,  it  very  much  increases  the  possible  modes  of  action 
of  matter.  I  know  very  little  as  to  the  mechanics  of  a  vortex- 
sponge,  but  some  points  mentioned  by  Sir  William  Thomson, 
in  a  Paper  read  before  the  British  Association  at  Swansea  (Brit. 
Assoc.  Eep.,  Swansea,  p.  474),  seem  in  favour  of  the  hypothesis. 
In  the  first  place,  the  energy  of  any  polarized  state  of  vortex 
motion  is  greater  than  that  of  an  unpolarized  state,  so  that  if 
the  motion  of  matter  reduce  the  polarization,  there  will  be 
forces  tending  to  produce  that  motion.  Now,  in  the  case  of  two 
infinite  planes  separated  by  a  region  of  polarized  vortex  motion 
of  any  kind,  it  seems  evident  that,  as  the  forces  due  to  a  small 
vortex  vary  as  a  high  power  of  the  distance  from  it,  the  forces 
due  to  the  polarization  between  the  planes  will  depend  on  this 
polarization,  and  not  on  the  distance  apart  of  the  planes.  This 
is  characteristic  of  forces  varying  inversely  as  the  square  of  the 
distance  from  points  spread  over  a  plane.  Sir  William  Thomson 
lias  also  pointed  out  a  case  in  which  a  polarized  state  of  the 
vortex  motion  will  be  in  equilibrium  as  long  as  it  cannot 
produce  motion  of  the  boundary  of  the  containing  vessel,  but  in 
which,  if  it  can  expend  its  energy  in  causing  motion  of  the 
boundary,  its  energy  will  be  so  expended.  From  this  it 
seems  likely  that  there  are  modes  of  polarization  of  a  vortex- 
sponge  which  will  be  in  equilibrium  as  far  as  the  sponge  is 
concerned,  and  whose  energy  can  only  be  spent  on  producing 
motion  of  the  boundaries.  This  is  exactly  the  condition  required 
in  order  to  explain  the  equilibrium  of  the  strained  ether,  which, 
itself  in  equilibrium,  tends  to  move  objects  within  it.    If  the 
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vortex-sponge  be  otherwise  disturbed,  it  is  obvious  that  the 
polarized  state  will  become  distributed  through  the  sponge,  and 
this  should  be  analogous  to  the  propagation  of  light  It  is 
evident  that,  inasmuch  as  we  could  neither  create  nor  destroy 
vorticitj,  all  we  could  do  would  be  to  polarize  the  motion,  and 
that  all  such  polarization  would  have  this  character  of  electric 
phenomena,  that  we  could  not  produce  one  kind  of  electrification 
without  producing  somewhere  an  equal  and  opposite  electrifi- 
cation. 

I  have  not  been  able  to  work  the  theory  out  completely,  but 
have  not  come  across  any  fatal  objection  to  it  There  are  a 
great  many  suppositions  that  can  be  made  as  to  the  nature  of 
the  polarization  that  represents  electrostatic  phenomena;  and  it 
may  be  of  use,  to  anyone  working  at  an  hypothesis  as  to  the 
nature  of  this  polarization,  to  recollect  that  it  is  allowable  to 
suppose  a  flow  continuously  in  one  direction  between  electrified 
bodies  held  apart  by  solids,  for  the  electric  forces  are  then 
balanced  by  stresses  in  the  solid  supports,  and  these  stresses 
may  be  due  to  the  flow  back  of  whatever  is  supposed  to  be 
flowing  out  between  the  electrified  bodies.  I  do  not  expect 
that  any  flow  continuously  in  one  direction  does  take  place ; 
but  there  is  danger  of  such  a  hypothesis  being  summarily  dis- 
missed, because  of  its  being  supposed  to  lead  to  an  accmnulation 
in  the  body  towards  which  the  flow  takes  place. 

In  conclusion,  I  desire  to  reiterate  that  it  seems  that  the 
only  way  in  which  to  impart  to  a  perfect  liquid  properties  at  all 
analogous  to  those  possessed  by  the  ether,  is  by  supposing  it  full 
of  motion. 
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ON  THE  STRUCTURE  OF  MECHANICAL  ^fODELS  ILLUS- 
TRATINO  SOME  PROPERTIES  OF  THE  ETHER 

[From  the  Fhiloiophical  Magazine^  June,  1885.     Read  at  the  Physical  Society, 

Maroh  28, 1885.] 

The  elements  of  which  the  model  is  constructed  consist  of  pairs 
of  wheels  so  geared  together  that  when  one  of  them  rotates  it 
causes  the  second  to  rotate  in  the  same,  direction.  The  simplest 
way  of  effecting  this  is  to  connect  them  by  a  band,  and  this  is 
sufficient  for  a  one-dimensional  modeL  Such  a  model  may  be 
constructed  by  fixing  a'jaumber  of  wheels  with  their  axes  parallel 
and  at  right  angles  to  a  plane,  and  connecting  each  wheel  with 
its  neighbours  by  elastic  bands.  This  represents  a  non-conduct- 
ing region  of  the  ether.  A  perfectly  conducting  region  is  one  in 
which  there  are  no  bands,  and  a  partially  conducting  region 
would  be  represented  by  the  bands  slipping  more  or  less.  A 
short  description  of  how  electrostatic,  electrokinetic,  and  lumi- 
niferous  phenomena  are  illustrated  by  such  a  one-dimensional 
model  will  be  clearer  than  the  corresponding  description  of 
the  tri-dimensional  model,  the  stnicture  of  wliich  is  the  special 
purpose  of  this  paper. 

As  an  illustration  of  an  electrostatic  phenomenon,  consider 
two  conducting  regions  separated  by  a  non-conducting  r^on 
ever3rwhere  except  along  one  line  where  the  bands  are  removed. 
If  anywhere  in  this  line  a  rotation  in  opposite  directions  be 
communicated  to  the  wheels  that  abut  on  it,  then  all  the  wheels 
in  the  non-conducting  region  will  be  turned  more  or  less.  If 
anywhere  two  neighbouring  wheels  turn  equally,  there  is  no 
straining  of  the  band  connecting  them ;  but  if  one  turn  more 
than  the  other,  the  connecting  band  is  strained  and  one  side 
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becomes  tight  and  the  other  loose.  Now  it  will  be  found  in 
the  case  considered  that  all  the  bands  are  strained,  and  that  all 
the  tight  sides  are  turned  towards  one  conductor  and  all  the 
loose  sides  towards  the  other.  This  represents  the  charging  of 
the  two  conductors  in  opposite  ways.  The  strain  of  the  bands 
in  any  element  of  the  medium  represents  the  polarization  of  the 
element,  and  the  line  joining  the  tight  and  loose  sides  is  the 
direction  of  polarization  or  of  electric  displacement  The  energy 
of  the  system  is  in  the  form  of  this  straining  of  the  bands,  which 
produces  stresses  tending  to  restore  the  unstrained  condition. 
With  a  given  strain  at  their  respective  surfaces,  there  would  be 
more  elements  involved  and  more  energy  in  the  medium  when 
the  conductors  are  far  apart  than  when  near,  showing  that  if  we 
could  represent  in  any  way  the  fact  that  conductors  can  move 
through  the  ether  there  would  be  forces  tending  to  produce  this 
motion,  or,  in  other  words,  there  would  be  attraction  between 
these  oppositely  electrified  bodies.  As,  however,  the  model  does 
not  illustrate  the  connexion  between  matter  and  ether,  neither 
this  nor  magnetic  attractions  are  represented,  nor  have  electro- 
motive forces  such  as  exist  in  cells  been  represented.  If  the 
forces  that  have  been  supposed  to  turn  the  wheels  along  the 
conducting  line  connecting  the  two  conducting  regions  cease  to 
act,  the  state  of  strain  will  disappear,  and  what  represents  an 
electric  discharge  along  this  line  will  take  place.  All  along  this 
line,  during  the  discharge,  the  wheels  at  opposite  sides  will  be 
rotating  in  opposite  directions ;  so  that  this  is  what  represents 
an  electric  current  at  any  point.  It  is  the  same  as  an  electric 
displacement ;  and  in  a  non-conductor  such  opposite  rotation  is 
resisted  by  the  stresses  in  the  band,  but  in  a  conductor  it  may 
take  place  to  any  extent.  During  the  discharge  the  whole  of 
the  non-conducting  region  is  full  of  rotating  wheels,  and  their 
axes  of  rotation  are  at  right  angles  to  the  direction  of  discharge. 
Theii*  velocity  of  rotation  evidently  represents  the  magnetic  force 
accompanying  the  discharge,  and  the  momentum  of  the  wheels 
represents  the  electrokinetic  momentum  of  the  current,  t.  e.  its 
self-induction.    This  is  further  illustrated  by  this,  that  if  the 
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frictional  resistance  be  small  enough,  this  momentum  will  cany 
the  wheels  beyond  their  positions  of  equilibrium,  and  there  will 
result  an  oscillating  discharge,  such  as  occurs  when  an  electric 
condenser  is  discharged  through  a  sufficiently  small  resistance. 
If  we  suppose  a  certain  amoimt  of  frictional  resistance  at  any 
point  along  the  line  of  discharge,  we  may  see  that  the  energy 
expended  on  friction  is  conveyed  to  the  place  by  the  bands  in 
the  surrounding  non-conductor  and  comes  in  at  the  side  of  the 
conductor,  in  accordance  with  Prof.  Poynting's  theorem  as  to  the 
direction  of  the  flow  of  energy  in  an  electrodynamic  system. 

The  mutual  induction  of  two  circuits  may  also  be  illustrated 
by  the  model.  Sufficient  has  been  explained,  however,  to  show 
how  electrostatic  and  electrokinetic  phenomena  are  represented 
on  the  model.  If  a  sudden  movement  of  rotation  be  com- 
municated to  any  set  of  wheels,  it  is  evident  that  inertia  will 
prevent  their  neighbours  being  instantaneously  turned,  while 
the  connecting  bands  will  be  strained.  Eotation  will,  however, 
be  communicated  to  the  neighbouring  wheels,  and  from  them  to 
their  neighbours,  by  a  process  which  is  a  species  of  wave-propag- 
ation. If  we  consider  the  nature  of  the  disturbance  which  is 
thus  propagated,  we  see  that  it  consists  in  a  rotation  whose  axis 
is  at  right  angles  to  the  direction  of  propagation,  and  of  a 
polarization  of  the  bands  which  is  at  right  angles  both  to  the 
axis  of  rotation  and  to  the  direction  of  the  wave-propagation. 
These  are  respectively  a  magnetic  and  an  electric  displacement, 
which  are  at  right  angles  to  one  another  and  to  the  dii^ection  of 
wave-propagation.  This  is  exactly  in  accordance  with  Maxwell's 
electromagnetic  theory  of  light-propagation.  It  is  thus  seen 
how  the  same  model  that  can  represent  electrostatic  and  electro- 
magnetic phenomena  also  illustrates  luniiniferous  phenomena  by 
its  small  oscillations. 

If  we  try  to  produce  a  tri-diniensional  model  by  means  of 
wheels  geared  together  by  bands,  we  are  met  by  the  following 
difficulty.  The  energy  of  the  model  we  have  been  considering 
may  be  represented  in  the  following  way : — Let  ?  represent  the 
angular  rotation  of  any  wheel  from  a  given  position ;  then  the 
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kinetic  energy  of  an  element  will  evidently  be  proportional  to  ^» 
while  the  potential  energy  of  an  element,  depending  as  it  does 
on  the  difference  of  rotation  of  neighbouring  wheels,  will  be  pro- 
portional ^It")"*'!;!")*    Kwe  were  to  build  up  a  tri-dimen- 

donal  model  by  simply  putting  together  three  such  systems  of 
wheels  in  three  rectangular  planes,  the  kinetic  energy  of  an 
element  of  the  model  would  be  proportional  to 

but  its  potential  energy  would  be  simply  proportional  to 


instead  of 


{£ir|     dy[     dz[     d^      dy[      dx[ ' 
\dy     dzj      \dz     dxj      \dx     dyj 


which  is  what  it  should  be  if  it  is  to  represent  the  ether. 

The  electrostatic  and  electrokinetic  energies  of  an  element  of 
the  ether  may  be  expressed  in  this  form  by  assuming  ^,  f|,  and  C 
such  that  their  velocities  ^,  %  and  ^  are  o,  /3,  and  y,  the  com- 
ponents of  the  magnetic  force  at  the  element.     Now  simple 

band-gearing  will  not  enable  us  to  arrange  that  no  straining 

dn  rtc 
shall  residt,  when,  for  instance,  rr  ^  y*  ^^^  ^^®  ^^^^^  ^  accom- 
plished by  the  following  arrangement: — Each  element  of  the 
ether  is  to  be  represented  by  a  cube,  on  each  edge  of  which 
there  is  a  paddle-wheeL  Thus  on  any  face  of  the  cube  there 
will  be  four  paddle-wheels.  Now,  if  any  opposite  pair  of  paddle- 
wheels  on  a  face  rotate  by  difiTerent  amounts,  they  will  tend  to 
pump  any  liquid  in  which  the  whole  element  is  immersed  into 
or  out  of  the  cube,  and  if  the  sides  of  the  cube  be  elastic  there 
will  be  a  stress  which  will  tend  to  stop  this  differential  rotation 
of  the  wheels.  If,  however,  the  other  pair  also  rotate  by  different 
amounts  they  may  undo  what  the  first  pair  do ;  and  thus  the 
stress  will  depend  on  the  difference  between  the  differential 

rotations  of  these  opposite  pairs  of  wheels,  i.  ^-  on  -1 —  -7-. 
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In  oi-der  that  these  four  wheels  may  not  similarly  work  wiih 
any  other  wheel  in  the  cube,  it  is  necessary  to  place  diaphragmSi 
cutting  the  cube  into  six  cells,  each  a  pyramid  standing  on  a 
face  of  the  cube.  These  must  be  so  made  that  liquid  may  not 
be  able  to  pass  from  one  cell  to  another  through  the  diaphragm, 
nor  beside  the  paddle-wheels.  In  order  actually  to  effect  this, 
the  floats  on  the  paddle-wheels  would  have  to  be  drawn  down 
while  passing  the  diaphragm  (of  course  these  mechanical  details 
could  hardly  be  carried  out  so  as  to  work  with  sufficiently  light 
friction  for  the  working  of  any  actual  model  to  approximate 
sufficiently  closely  to  that  of  the  ether  for  it  to  be  worth  while 
attempting  to  construct  it).  The  faces  of  the  cube  should  be 
filled  up  with  diaphragms  past  which  the  paddle-wheels  should 
pump  liquid,  and  whose  elasticity  should  be  the  means  of  storing 
electrostatic  energy  in  the  medium. 

It  may  be  worth  while  pointing  out  some  of  the  results  of 
having  shown  that  the  energy  of  a  disturbance  of  this  medium 
would  be  represented  by  the  same  equations  as  those  Maxwell 
has  shown  to  hold  for  the  ether.  The  most  complicated  results 
follow  from  supposing  the  faces  of  the  cubes,  of  which  the 
medium  is  constructed,  to  have  different  elasticities.  Such  a 
structure  represents  a  crystalline  medium.  Its  \ibrations  would 
be  propagated  according  to  the  laws  of  propagation  of  light  in 
crystalline  media.  The  wave-surface  would  be  Fresnel's  wave- 
surface,  and  it  would  exhibit  conical  refraction.  If  the  cubes 
were  twisted,  the  structure  would  be  like  that  of  quartz  or  other 
substances  that  rotate  the  plane  of  polarization  of  light. 

In  order  to  represent  the  rotation  of  the  plane  of  polarization 
of  light  by  magnetism,  it  would  be  necessary  to  introduce  some 
mechanism  connecting  this  ether  with  matter.  That  this  would 
be  required  is  evident  from  the  consideration  that  no  amount  of 
inherent  rotation  of  these  wheels  would  alter  the  plane  of  polar- 
ization of  a  vibration  ti-ausmitted  by  them.  Now,  although  I  am 
not  prepared  to  suggest  any  actual  method  of  connexion,  it  may 
be  worth  while  pointing  out  two  different  ways  in  which  it  may 
work.  In  the  first  place  the  matter  maybe  in  rotation  when  subject 
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to  magnetic  force ;  and  it  may  be  connected  with  the  ether  in 
such  a  way  that  the  direction  of  its  axis  and  rotation  is  altered  by 
the  vibrations  passing  in  the  ether.  It  would  then  react  on  the 
ether  in  such  a  way  as  to  rotate  the  plane  of  polarization  of  the 
wave.  In  the  second  place  the  matter  might  only  act  as  a  link 
connecting  ether  elements  rotating  in  rectangular  directions  in 
such  a  way  that  the  rotation  of  one  element  altered  the  axis  of 
rotation  of  a  rectangular  element.  The  reaction  of  this  latter 
on  the  former  would  then  rotate  the  plane  of  polarization  of  a 
wave  propagated  parallel  to  the  latter.  The  first  of  these  con- 
nexions is  that  in  accordance  with  Maxwell's  theory  as  to  the 
connexion  between  the  ether  and  matter  that  he  introduces  in 
his  '^  Electricity  and  Magnetism,"  in  order  to  explain  the  rotation 
of  the  plane  of  polarization  of  light  by  magnetism ;  while  the 
second  is  the  one  that  I  supposed  in  my  paper  ''  On  the  Electro- 
magnetic Theory  of  the  Eeflection  and  Refraction  of  light" 
(R  S.  Trans.  1880).* 

I  need  hardly  say,  in  conclusion,  that  I  do  not  in  the  least 
intend  to  convey  the  impression  that  the  actual  structure  of  the 
ether  is  a  bit  like  what  I  have  described.  What  physicists 
ought  to  look  for  is  such  a  mode  of  motion  in  space  as  will 
confer  upon  it  the  properties  required  in  order  that  it  may 
exhibit  electromagnetic  phenomena.  Such  a  mode  of  motion 
would  be  a  real  explanation  of  these  phen6mena.  I  have  only 
given  a  description  of  them. 

I  think,  however,  that  it  is  worth  while  considering  these 
models,  because  in  them  the  disturbance  which  represents  light 
is  not  the  same  as  the  vibrations  of  an  elastic  jelly,  for  what 
represents  an  electric  displacement  is  a  change  of  structure  of 
an  element,  and  not  a  displacement  of  the  element;  and  it 
seems  almost  certain  that,  notwithstanding  the  very  high 
authority  which  seems  to  support  the  view  that  the  ether  is 
Ixht  an  elastic  jelly,  nevertheless  its  \'ibrations  ai-e  much  more 
of  the  nature  of  alterations  in  structure  than  of  displacements. 

[*  These  are,  in  fact,  the  two  theories  referred  to  in  footnote,  p.  66  wpra,'\ 
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36 

[POXINDATIONS  OF  PHYSICAL  THEORY:    FUNCTIOIT 

OF  MODELS] 

[Hitherto  unpublislied :  written  not  later  than  1883.] 

Electrical  and  magnetic  attractions  and  repulsions  are  familiar 
to  most  people.  They  know  that  amber  and  sealing-wax  when 
rubbed  attract  small  pieces  of  paper,  and  that  the  Earth  causes 
magnetic  needles  to  point  more  or  less  north  and  south.  The 
first  notion  that  struck  investigators  of  these  facts  was  that  the 
amber  and  the  Earth  "possessed  the  property  of  attracting" 
certain  objects  at  a  distance  from  them.  This  certainly  ex- 
pressed all  the  facts  as  then  known  and  expressed  them  simply. 
Such  actions  at  a  distance  were  easily  expressed  in  mathematiGal 
symbols,  and  their  laws  were  thus  investigated  and  the  whole 
language  of  the  sciences  was  framed  so  as  to  fit  in  with  this  view 
of  the  phenomena.  That  these  actions  can  be  expressed  in  terms 
of  symbols  that  presupposed  an  action  at  a  distance  does  not, 
however,  in  any  way  prove  that  the  action  is  not  by  means 
of  some  intervening  medium.  Take  for  instance  a  simple 
mechanical  illustration.  Suppose  that  you  pull  a  body  along 
by  means  of  a  string.  This  action  may  be  expressed  by  symbols 
that  only  represent  that  the  distance  between  you  and  the  body 
is  invariable,  and  that  do  not  in  any  way  involve  the  existejice 
of  a  string,  or  indeed  of  any  medium  that  transmits  the  action. 
It  is  only  when  you  wish  to  take  account  of  actions  that  take 
some  time  to  be  transferred  from  you  to  the  body,  it  is  only  then 
that  it  is  necessary  mathematically  to  introduce  symbols  ex- 
pressly referring  to  a  medium.  "We  may  gather  from  this  how 
it  was  absolutely  necessary  in  the  case  of  the  action  of  light  to 

M  2 
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introduce  the  notion  of  something  existing  between  the  Son, 
for  instance,  and  the  Earth,  while  it  was  not  necessary,  as  far 
as  was  known,  to  make  a  similar  assumption  in  rq;ard  of  elec- 
trical actions.  In  the  case  of  light  it  was  known  that  it  took 
time  to  be  transmitted,  while  in  the  case  of  electrical  actions 
they  were,  as  far  as  was  known,  instantaneous,  and  could  con- 
sequently be  easily  represented  as  taking  place  by  an  action 
at  a  distance.  Although  there  are  no  experiments  that  prove 
certainly  that  either  electric  or  magnetic  actions  are  not  in- 
stantaneous, nevertheless  it  is  well. worth  while  investigating 
how  they  may  be  due  to  a  medium,  for  if  they  can  be  shown  to 
be  explicable  by  a  medium  possessing  the  same  properties  as 
are  required  in  order  to  explain  the  transmission  of  light,  the 
hypothesis  that  they  are  due  to  a  medium  will  at  once  assume 
great  importance,  as  these  actions  will  then  be  explained  as  due 
to  a  known  cause. 

Before  describing,  in  general  terms,  the  sort  of  way  in  which 
it  has  been  shown  that  electric  and  magnetic  phenomena  may 
be  due  to  a  medium,  it  may  be  well  to  call  attention  to  how 
very  little  we  know  of  the  constitution  of  the  media  we  use 
every  day  for  transmitting  force.  Take  the  case  of  a  beam 
supporting  a  weight.  Nobody  knows  what  the  structure  of  its 
molecules  is,  by  means  of  which  they  are  able  to  resist  com- 
pressive and  shearing  stress.  But  nobody  on  this  account 
doubts  the  usefulness  of  considering  and  calculating  these 
stresses.  Similarly,  although  nobody  has  been  able  to  frame 
any  satisfactory  hypotheses  as  to  the  constitution  of  the  medium 
that  causes  electric  and  magnetic  and  luminiferous  actions, 
nevertheless  it  is  obviously  very  important  to  be  able  to  calcul- 
ate the  stresses  that  it  must  be  subject  to  at  its  various  points 
in  order  that  it  may  cause  these  actions.  In  the  case  of  a  clock 
or  watch  spring  nobody  knows  what  is  the  exact  structure  of  its 
molecules  by  means  of  which  it  is  able  to  act  as  a  reservoir  of 
energy,  which  we  put  into  it  when  we  wind  up  the  clock  or 
watch,  and  which  is  gradually  expended  in  keeping  the  worky 
going.    The  fact  that  we  do  not  know  this  does  not  in  the  least 
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dimimsh  from  the  importance  of  our  knowing  that  there  is  a 
spring,  and  that  the  action  is  not  a  puoe  action  at  a  distance 
between  the  axle  that  we  turn  with  the  key  and  the  barrel  that 
turns  the  wheels.  Similarly  it  is  of  importance  to  know  where 
in  the  medium  the  energy  of  an  electrified  system  is  stored, 
although  we  may  not  be  able  to  state  what  the  exact  structure 
of  the  medium  must  be  in  order  that  it  may  be  capable  of 
acting' as  a  reservoir  of  energy. 

The  calculation  of  electric  and  magnetic  actions  is  a  sub- 
ject  upon  which  mathematicians  have  expended  some  of  their 
highest  abilities,  and  the  simplicity  of  the  general  laws  of  these 
actions  lends  itself  to  mathematical  calculation  to  no  ordinaiy 
degree.  Mathematically  it  was  simpler  to  represent  the  actions 
as  actions  at  a  distance,  and  not  to  introduce  symbols  represent- 
ing the  existence  of  a  medium  intervening  between  the  bodies 
concerned.  Hence  it  was  that  the  whole  of  the  language  of  the 
science  was  framed  upon  this  hypothesis,  and  it  seems  likely 
that  the  counter-hypothesis  of  action  through  a  medium  might 
have  had  to  wait  as  long  as  the  undulatory  theory  of  optics  did 
before  it  received  due  consideration,  only  for  the  investigations 
of  one  who  never  received  a  mathematical  training.  To  one  of 
less  ability  than  Faraday  this  would  have  placed  him  at  an 
immense  disadvantage  in  comparison  with  trained  investigators. 
In  his  case,  however,  his  wonderful  power  of  reasoning  from 
things  without  the  use  of  symbols  not  only  placed  him  in  the 
forefront  of  scientific  investigators,  but  enabled  him  to  see  into 
the  method  of  working  of  the  phenomena  in  a  way  that  escaped 
mathematicians  who  reasoned  by  the  use  of  symbols.  To 
Faraday  is  due  the  credit  of  having  seriously  called  attention  to 
the  notion  that  electric  and  magnetic  actions  were  due  to  a 
medium  pervading  the  space  between  the  acting  bodies.  This 
hypothesis  of  Faraday's  was  expressed  in  mathematical  symbols 
by  Clerk  Maxwell,  who  then  made  the  great  discovery  that  a 
medium  which  possessed  the  properties  required  in  order  to 
explain  electric  and  magnetic  actions  would  transmit  vibrations 
like  light 
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There  is  a  term  describing  the  condition  of  the  medium  that 
it  is  necessary  to  explain  by  examples  which,  although  they 
may  not  be  like  the  condition  of  the  medium,  are  so  far  analogous 
to  it,  that  we  may  in  many  respects  reason  safely  from  one  to  the 
other.  This  term  is  "polarization."  A  thing  is  said  to  be  polarized 
when  it  possesses  different  properties  in  different  directions. 
Thus  a  magnet  is  said  to  be  polarized  because  it  possesses 
different  properties  at  its  ends.  A  ray  of  light  is  said  to  be 
polarized  when  it  possesses  different  properties  at  different 
sides.  A  mechanical  illustration  may  be  imagined  by  consider- 
ii^  two  wheels,  on  parallel  axes,  connected  by  an  indiarubber 
band  passing  over  both.  As  long  as  the  two  turn  equal  amounts, 
the  two  connecting  parts  of  the  band  will  be  equally  tight  If, 
however,  one  wheel  turn  more  than  the  other,  two  parts  of  the 
band  will  no  longer  be  equally  tight,  and  the  system  may  be 
said  to  be  polarized,  for  its  two  sides  are  no  longer  the  same, 
for  one  is  tight  and  the  other  loose.  The  direction  of  the 
polarization  would,  in  this  case,  be  the  line  joining  the  tight  and 
loose  parts  of  the  band,  and  at  right  angles  to  the  line  joining 
the  centres  of  the  wheels.  In  this  case  the  polarized  system  is 
a  reservoir  of  energy,  and  there  are  forces  tending  to  cause 
rotation  of  the  wheels.  It  is  of  great  importance  to  understand 
what  sort  of  thing  is  meant  by  "  polarization,"  because  the  whole 
of  Faraday's  theory  is  founded  on  supposing  the  medium  to 
consist  of  elements  which  are  capable  of  being  polarized,  and  it 
is  supposed  that  a  certain  amount  of  energy  is  stored  in  the 
polarized  elements. 

Without  introducing  considerable  complications,  it  is  not 
very  easy  to  explain  how  such  a  supposition  as  this  can  explain 
electric  and  magnetic  forces ;  but  some  general  considerations 
will  show  how  such  a  supposition  can  be  made  to  explain  the 
existence  of  some  forces  between  bodies.  Consider  the  simple 
case  of  two  bodies  in  a  medium  in  which  energy  in  any  form  is 
stored,  and  suppose  that  the  amount  of  this  energy  depends  on 
the  distance  between  the  bodies  in  such  a  way  that  the  farther 
the  bodies  are  apart  the  more  energy  there  wiU  be  in   the 
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medium.  Under  these  circumstances  there  must  be  some  forces 
tending  to  draw  the  bodies  together ;  for,  by  hypothesis,  in  sepa- 
rating them,  work  must  be  done  in  increasing  the  energy  in  the 
medium,  and  as  work  is  done  in  separating  them  there  must  be  a 
force  drawing  them  together.  Now  there  are  two  ways  in  which 
energy  may  exist  in  such  an  element  as  has  been  described, 
consisting  of  two  wheels  connected  by  an  elastic  band.  It  may 
exist  as  stored  in  the  elastic  band  when  the  element  is  polarized, 
or  it  may  exist  as  energy  of  rotation  of  the  wheels.  Now 
Clerk  Maxwell's  theory  is  that  electric  actions  are  due  to  polar- 
ization of  the  elements  of  the  medium,  and  that  magnetic 
actions  are  due  to  its  elements  being  re8er\'oir8  of  kinetic 
energy.  It  is,  of  course,  quite  possible  that  all  energy  is  really 
kinetic,  but  until  some  workable  hypothesis  as  to  the  structure 
of  the  medium  has  been  discovered  that  will  explain  its  pro- 
perty of  storing  energy  by  being  polarized,  and  which  explains 
this  property  by  storing  kinetic  enei-gj',  until  some  such  hypo- 
thesis has  been  discovered  it  is  well  to  distinguisli  the  energy 
that  is  stored  by  the  polarization  of  the  elements  of  the 
medium  from  what  is  stored  in  the  form  of  motion  within 
those  elements. 

Before  proceeding  to  explain  how  the  electric  and  magnetic 
conditions  of  the  ether  may  "be  illustrated  by  a  model,  it  may  be 
well  to  say  a  few  words  upon  the  general  question  of  physical 
analogues.  There  is  some  danger  in  using  physical  analogues 
as  assistants  to  our  reasoning.  There  is  no  doubt  but  tliat  a 
concrete  mechanism  that  we  can  distinctly  picture  the  working 
of  is  enormously  easier  to  reason  about  than  one  of  whose 
structure  we  know  nothing,  but  only  know  general  laws  of  its 
action.  The  danger  is  tliat  we  may  be  satisfied  with  an  analogy, 
and  mistake  it  for  a  likeness.  For  instance,  the  laws  of  pro- 
jectiles and  those  of  light  are  in  a  great  many  respects  the  same, 
so  that  an  analogy  between  the  propagation  of  light  and  of  a 
projectile  can  be  drawn,  and  it  was  drawn  and  was  supposed  to 
be  a  likeness  for  more  than  a  hundred  years.  From  the  time  of 
Newton  until  far  into  the  pi-esent  century,  light  was  supposed 
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by  a  large  number  of  scientific  men  to  be  due  to  projectiles 
emitted  by  luminous  bodies.  All  reasoning  about  nature  is, 
however,  in  part  necessarily  reasoning  from  analogy.  When- 
ever we  express  a  general  law  about  things  whose  intimate 
sttoicture  we  do  not  know,  our  language  may  be,  for  aught 
we  know,  at  least  partly  of  the  nature  of  analogy.  When 
we  describe  a  current  of  electricity  as  running,  we  are  almost 
certainly  using  a  mere  analogy.  It  is  usual  to  speak  of  chemical 
bonds;  and  many  people  think  of  light  vibrations  as  simple 
to-and-fro  motions  of  the  elements  of  an  elastic  jelly :  in  both 
these  cases  we  ought  to  be  careful  to  recollect  that  "  bond  "  and 
^vibration"  are  capable  of  a  much  wider  meaning  than  their 
usual  simple  ones,  and  that  the  wider  meaning  is  possible, 
because  some  of  the  laws  of  a  great  variety  of  different  things 
are  the  same.  As  a  very  simple  example  of  this,  the  laws  of 
the  addition  of  money,  length,  weight,  etc.,  are  all  the  same : 
12  pence  and  3  pence  is  15  pence,  and  12  yards  and  3  yards  is 
16  yards.  In  a  similar  way  the  laws  of  conduction  of  heat  and 
of  diffusion  of  gases  are  in  many  respects  the  same.  Notwith- 
standing the  danger  of  our  mistaking  analogies  for  b'kenesses 
there  is  a  great  advantage  in  studying  analogues.  It  has  been 
objected  to  the  quaternion  analysis  that  it  does  not  analyse 
enough,  but  leaves  the  quantities  we  deal  with  nearly  as  com- 
plicated as  to  their  laws  as  the  phenomena  they  represent. 
This  is  certainly  in  some  respects  a  disadvantage.  It  might 
similarly  be  objected  to  a  mechanical  model  of  the  ether  that  it 
was  as  complicated  as  the  ether  itself,  or  possibly  much  more 
so,  and  could  consequently  be  of  but  little  use  in  disentangling 
its  laws.  In  both  cases  the  same  answer  is  possible.  By 
analysing  too  much  we  lose  a  comprehensive  view  of  the  subject. 
Our  minds  are  overwhelmed  with  the  details,  and  we  fail  to 
grasp  the  action  as  a  whole.  In  the  case  of  a  mechanical  model 
of  the  ether,  we  have  before  us  a  structure  which  we  may  easily 
conceive,  and  with  the  method  of  whose  working  we  are  familiar ; 
and  so  we  can  reason  about  it  and  discover  what  it  should  do 
without  being  troubled  at  every  turn  to  realise  our  analysis,  for 
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the  realisation  is  so  easy  and  familiar  that  it  gives  our  minds  no 
trouble.  As  an  example,  it  is  worth  observing  that  if  the  forms 
of  energy  were  as  familiar  a  conception  as  eggs  and  money, 
people  would  find  it  as  easy  to  reason  about  its  transformation 
as  they  are  about  the  number  of  eggs  the  old  woman  brought  to 
the  market  and  sold  at  one  dozen  at  3  a  penny  and  so  forth. 
It  is  because  at  every  turn  people  lose  the  thread  of  the 
argument  by  the  difficulty  of  realising  what  they  are  dealing 
with  that  they  find  it  difficult  at  first  to  reason  consistently 
about  a  new  subject  It  is  on  account  of  this  that  it  is  worth 
while  studying  analogies  between  things  with  which  we  are  not 
familiar  and  those  with  which  we  are.  •  It  is  for  a  similar  reason 
that  having  made  ourselves  familiar  with  the  laws  of  algebra  we 
can  so  readily  apply  it  to  geometrical  analysis.  A  model  of  the 
ether  is  like  a  complicated  algebraic  formula  that  can  be  inter- 
preted in  terms  of  a  kno\vn  analogy  so  as  to  represent  the  laws 
of  a  surface ;  it  is  not  like  the  surface,  but  we  may  deduce  the 
laws  of  one  from  the  other  if  we  attend  to  the  laws  of  the 
analogy.  We  must  not  press  analogies  too  far.  To  suppose 
that  the  ether  is  at  all  like  the  model  I  am  about  to  describe 
would  be  as  bad  a  mistake  as  to  suppose  a  sphere  at  all  like 
«'  +  y*  -t  2*  rs  r*,  and  to  think  that  it  must  in  consequence  be 
made  of  paper  and  ink. 
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8IE  W.  THOMSON  AND  MAXWELL'S  ELECTROMAGNETIC 

THEORY  OF  LIGHT 

[From  Nmtwr$,  Maj  7,  1885.] 

Shobtly  after  writing  mj  former  letter  I  saw  a  copy  of  the 
verbatim  report  of  Sir  William  Thomson's  lectures  in  Baltimore, 
and  would  have  written  to  you  to  that  effect  and  to  apologise  to 
Mr.  Forbes  for  having  doubted  the  accuracy  of  what  I  thought 
was  his  report,  only  that  I  met  him  in  London  about  that  time, 
and  he  then  desired  me  not  to  do  so.  Sir  William  Thomson  has 
now  himself  stated  that  the  passage  is  correctly  quoted,  and  I 
can  only  regret  that  he  has  expressed  himself  in  the  way  he  did. 

I  certainly  think  that  anybody  reading  the  passage  would 
imagine  that  the  velocity  of  propagation  of  electromagnetic 
disturbances  upon  Maxwell's  electromagnetic  theory  of  light, 
which  he  showed  to  be  the  same  as  the  velocity  of  propagation 
of  light,  and  to  be  a  true  velocity  of  wave-propagation — any 
one,  I  say,  would  suppose  that  this  was  the  same  thing  as  that 
Sir  William  Thomson  calculated  in'the  year  1854 

Sir  William  Thomson  certainly  says,  "that  is  a  very  different 
case,"  but  the  rest  of  this  sentence  is  rather  ambiguous  as  to 
what  the  "  it "  after  "  putting  "  refers  to,  and  I  am  afraid  that 
many  people  will  imagine  that,  in  Sir  William  Thomson's 
opinion.  Maxwell  has  made  some  unjustifiable  assumption.  I 
believe,  however,  that  all  he  thinks  is  that  Maxwell  has  not 
made  a  satisfactorily  definite  thing  of  the  so-called  electro- 
magnetic theory  of  light. 

In  Sir  William  Thomson's  article  in  Nichol's  "  Cyclopaedia  " 
he  puts  the  matter  veiy  clearly  indeed.    He  says : — "  The  law 
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of  this  phenomenon  [transmission  of  electric  signals]  is  identical 
with  that  which  Fourier  .  .  .  found  as  the  law  of  propagation 
of  summer  heat  and  winter  cold  to  different  parts  of  the  Earth,'' 
i.  e.  it  obeys  the  laws  of  a  diffusion  and  not  of  a  wave-propaga- 
tion ;  and  again : — '*  Now  it  is  ob\dous  from  these  results 
[experimental  results]  that  the  supposed  velocity  of  transmission 
of  electric  signals  is  not  a  definite  constant  like  that  of  light" : 
and  afterwards  he  says  that,  when  an  initial  current  is  started, 
the  potential  rises  simultaneously  at  all  points,  and  that  the 
apparent  velocity  would  depend  on  the  delicacy  of  our  in- 
struments. All  these  obviously  distinguish  between  the  pro- 
pagation of  a  variable  cun^ent  in  a  conductor  and  a  true 
wave-propagation. 

He  has  also  clearly  pointed  out  a  direction  in  which  to  look 
for  a  true  wave-propagation.  It  will  make  his  position  clearer, 
and  also  Maxwell's,  to  use  his  analogy  between  water  in  an 
elastic  tube  and  a  conductor  of  electricity.  I  will  suppose  the 
water  contained  in  a  tube  bored  out  of  a  very  large  lump  of 
indiarubber.  He  enumerates  three  electric  qualities  concerned, 
and  their  hydrodynamic  analogues : — (1)  "  Charge  "  or  electrical 
accumulation  in  a  conductor  subjected  in  any  way  to  the  process 
of  electrification.  (2)  "  Electromagnetic  induction  "  or  electro- 
motive force  excited  in  a  conductor  by  variations  of  electric 
current  (3)  Besistance  to  conduction  through  a  solid.  The 
hydrodjmamic  analogues  are: — (1)  Accumulation  of  a  greater 
or  less  quantity  of  water  in  any  part  of  the  canal  or  tube. 
(2)  Inertia  of  the  water.  (3)  Viscosity  or  fluid  friction.  He 
explains  that  a  true  wave-propagation  arises  from  the  compressi- 
bility of  the  water,  combined  with  its  inertia ;  and  that  if  the 
tube  be  elastic,  like  indiambber,  there  would  also  arise  a  wave- 
propagation.  "Accordingly,"  he  says,  "  a  definite  velocity  of 
propagation  of  electric  impulses,  depending  on  the  inertia  and 
the  capacity  for  charge,  is  to  be  looked  for,  as  has  been  done  in 
a  first  article,  published  by  Kirchhoff,  on  the  subject." 

Now,  in  all  this  discussion  Sir  William  Thomson  omits  to 
mention  the  only  thing  that  is  at  all  analogous  to  Maxwell's 
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propagation  of  wave  disturbances  in  non-conductors,  and  it 
arises  from  his  considering  the  water  as  contained  in  a  tube 
like  ordinary  indiarubber  tubes,  instead  of  in  a  tube  bored  in 
an  indefinitely  laxge  lump  of  indiarubber.  If  we  consider  this 
case  it  is  evident  that  one  of  the  conditions  to  be  considered  is 
the  propagation  of  waves  in  this  lump  of  indiarubber.  In  Sir 
William  Thomson's  tube  there  would  of  course  be  a  velocity  of 
wave-propagation  in  the  indiarubber,  but  that  is  a  very  different 
matter  from  the  propagation  of  disturbances  away  from  the 
neighbourhood  of  the  tube  by  which  energy  would  be  carried 
away  from  it.  To  do  this  Sir  William  Thomson  should  have 
included  the  propagation  of  sound  in  the  air  or  whatever  he 
supposed  surrounding  the  outside  of  his  tube.  Without  includ- 
ing this,  he  was  not  including  anything  a  bit  analogous  to 
Maxwell's  electromagnetic  theory  of  light.  In  Sir  William 
Thomson's  tube  the  whole  state  of  affairs  at  any  time  could  be 
expressed  in  terms  of  variables  that  represented  bodies  near  the 
tube,  while  in  the  other  case  it  would  be  absolutely  necessary  to 
introduce  variables  representing  every  part  of  the  indiarubber 
which  I  have  supposed  of  indefinite  extent.  This  is  just  the 
difference  between  Sir  William  Thomson's  and  Maxwell's  views. 
According  to  Maxwell's  view  there  is  a  great  deal  more  going 
on  outside  the  conductor  than  inside  it,  and  it  is  evident  that 
the  inertia  of  the  water  is  a  very  bad  analogue  to  electro- 
magnetic induction,  for  this  latter  depends  essentially  upon  the 
form  of  the  circuit,  and  not  only  upon  its  section  and  length. 
Maxwell  has  shown  that  light  may  be  a  wave-propagation  of  what 
are  on  his  theory  aTialogmis  to,  though  probably  utterly  unlike, 
the  distorsional  waves  propagated  in  the  indiarubber,  and  has 
shown  that  a  medium  which  would  only  transmit  disturbances 
analogous  to  these  would  explain  electric  and  magnetic  pheno- 
mena. It  is  to  be  remembered  that  Maxwell's  theory  gets  rid 
of  all  action  at  a  distance,  and  that  the  only  experimentum  crucis 
between  theories  of  action  at  a  distance  and  of  action  through  a 
mediimi  is  that  in  this  latter  case  the  energy  may  be  propagated 
in  time  through  the  medium,  while  in  the  former  it  cannot. 
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I  cannot  conclude  without  protesting  strongly  against  Sir 
William  Thomson's  speaking  of  the  ether  as  like  a  jelly.  It  is 
in  some  respects  analogous  to  one,  but  we  certainly  know  a 
great  deal  too  little  about  it  to  say  that  it  is  like  one.  May  be 
Maxwell's  conceptions  as  to  its  structure  are  not  very  definite,, 
but  neither  are  anybody's  as  to  the  actual  structure  of  a  jelly, 
and  there  is  no  real  difficidty  in  supposing  a  medium  whose 
condition  is  represented  by  symbols  that  obey  the  laws  that 
Maxwell  has  shown  should  be  the  laws  of  symbols  representing 
the  condition  of  a  medium  that  would  explain  electric  and 
magnetic  phenomena.  It  seems  very  unlikely  that  any  jelly  is 
at  all  like  the  ether  that  Maxwell  supposes.  It  seems  much 
more  likely  that  what  he  called  "electric  displacements"  are 
changes  in  structure  of  the  elements  of  the  ether,  and  not  actual 
displacements  of  the  elements.  He  guards  against  this  being 
supposed  a  necessary  part  of  his  theory  when  he  defines  polar- 
ization in  terms  that  certainly  require  a  change  of  structure 
rather  than  a  change  of  position,  so  that  I  think  the  word 
"displacement"  was  unfortunately  chosen,  I  also  think  that 
Sir  William  Thomson,  notwithstanding  his  guarded  statements 
on  the  subject,  is  lending  his  overwhelming  authority  to  a  view 
of  the  ether  which  is  not  justified  by  our  present  knowledge, 
and  which  may  lead  to  the  same  unfortunate  results  in  delaying 
the  progress  of  science  as  arose  from  Sir  Isaac  Newton's  equally 
guarded  advocacy  of  the  corpuscular  theory  of  optics. 
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NOTE  ON  THE  SPECIFIC  HEAT  OF  THE  ETHEK 

[From  the  6^ml}f»  Froet^din^t  (fihe  Roytd  DMin  Soeuty, 

Bead  Maj  18,  1885.] 

It  ifl  not  quite  accurate  to  describe  the  quaUty  of  the  ether  that 
is  here  called  its  specific  heat  by  that  name.  The  energy  of  the 
ether  per  unit  volume  is  not  in  exactly  the  same  form  as  heat- 
energy  in  matter.  It  is  in  the  form  of  vibrations  transmitted 
continually  through  it,  and  is  more  nearly  analogous  to  sound- 
vibrations  in  matter.  As  this  enei'gy  of  the  ether  is,  however, 
intimately  connected  with  the  temperature  of  the  matter  that  is 
in  it ;  and  as  its  amount  depends  on  that  temperature,  it  is  quite 
intelligible  to  speak  of  the  temperature  of  a  volume  of  ether, 
meaning  that  it  is  on  all  sides  in  temperature  equilibrium  with 
surrounding  matter:  on  these  accounts  it  is  intelligible,  and, 
with  proper  restrictions  as  to  its  meaning,  quite  right  to  speak 
of  the  specific  heat  of  the  ether.  There  is  no  danger  of  the 
words  being  mistaken  as  referring  to  anything  else  than  what 
they  are  intended  to  describe.  It  must,  however,  be  clearly 
kept  in  view  that  the  energy  per  unit  volume  of  the  ether  is 
not  exactly  like  that  of  matter.  We  can  also  only  calculate 
the  energy  per  unit  volume,  for  we  don't  know  whether  any 
perfectly  intelligible  meaning  can  be  attached  to  the  mass  of 
the  ether.* 

The  problem  to  be  solved  in  determining  the  specific  heat  of 
the  ether  is,  \Vhat  is  the  increase  in  the  quantity  of  energy  per 

[*  See  footnote,  p.  121.] 
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unit  volume  of  the  ether  that  corresponds  to  its  temperature 
being  raised  one  degree?  If  we  consider  the  temperature 
equilibrium  of  a  surface  of  lampblack,  which  is  assumed  to  be 
approximately  a  perfect  absorber  and  radiator,  when  it  is  one 
d^ree  hotter  than  its  surroimdings,  it  is  seen  that  it  is  radiating 
energy  outwards  at  a  certain  rate  and  recei\dng  it  at  a  certain 
less  rate.  Now,  the  energy  per  cubic  centimetre  of  the  ether 
considered  as  transmitting  radiations  outwards  is  greater  than 
its  energy  considered  as  transmitting  radiations  inwards,  and  it 
is  this  difference  that  causes  tiie  transference  of  energy  at  a 
certain  rate  away  from  the  lampblack.  If  we  could  calculate 
the  whole  energy  of  either  of  these  radiations,  it  would  tell  us 
the  whole  energy  per  cubic  centimetre  of  the  ether  considered 
as  a  medium  transmitting  radiations  in  a  particular  direction, 
and  six  times  this  amount  would  evidently  be  the  total  heat 
per  cubic  centimetre  of  the  ether  at  this  temperature.^  This 
very  calculation  has  been  performed  approximately  for  the  solar 
radiations,  where  we  can  approximately  measure  the  total 
radiation  in  a  particular  direction ;  but  as  we  only  know  very 
roughly,  indeed,  what  is  the  temperature  of  the  surface  of  the 
Sun,  we  can  only  calculate  very  roughly  what  is  the  total  heat 
of  the  ether  per  cubic  centimetre  at  that  temperature.  As  in 
addition  we  don't  know  the  law  of  cooling  for  any  sufficiently 
large  range  to  apply  it  safely  to  the  Sun,  we  could  only  very 
roughly,  indeed,  calculate  the  total  heat  of  tlie  ether  per  cubic 
centimetre  at  temperatures  with  which  we  are  in  the  habit  of 
dealing.  We  can,  however,  from  experiments  on  the  rate  of 
cooling  of  lampblack,  calculate  pretty  accurately  the  dififer- 
ence  between  the  energies  per  cubic  centimetre  of  the  ether  at 

[*  A  perfect  absorber  radiates  equally  in  aU  directions ;  thus  tbe  emission  from 
it,  per  unit  time,  in  directions  within  a  cone  of  infinitesimal  solid  angle  8«  is  iStf 
multiplied  by  tbe  area  of  radiating  surface  foreshortened  along  the  axis  of  tbe  cone. 
The  Tolume-densitj  of  radiant  energy,  travelling  in  all  directions  within  a  thin 
layer  of  ether  in  front  of  the  radiator  is  therefore,  per  unit  surface,  2  V'^  /  /d«i,  or 
ivI/V;  while  the  radiation  emitted  per  unit  time  is  //cos  BtU»,  or  v/.  This  makaa 
dqjtU  equal  to  }  of  ^F;  the  fraction  i,  assumed  in  the  text,  appears  to  have  been 
•uggeeted  by  a  imit  cube  radiating  directly  outward  from  its  aix  faces.] 
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slightly  different  temperatures,  and  this  tells  us  the  specific 

heat  of  the  ether  at  this  temperature.    If  ^  be  the  quantity  of 

heat  per  second  lost  by  each  square  centimetre  of  surface  of 
lampblack  when  its  temperature  is  1^  C.  hotter  than  its  surround- 
ings at  the  temperature  of  0^  C,  then  this  energy  is  distributed 

over  V  cubic  centimetres  of  ether  where  V  is  the  velocity  of 

da     cV 
light  in  centimetres,  and  consequently  ^  «  —  is  the  equation 

by  which  to  calculate  e,  the  specific  heat  of  the  ether.  The  6 
comes  in  owing  to  this  being  the  energy  required  to  raise  the 
temperature  of  the  ether  by  radiations  going  in  only  one  direc- 
tion.   From  several  sources  which,  however,  only  approximately 

agree  with  one  another,  I  gather  that  -^  *-  '0026.     The  great 

difficulty  in  determining  this  is  to  distinguish  between  the  heat 
carried  off  by  the  gas  present,  and  that  lost  by  radiation  alone. 
As  F  «  3  X  10*^  we  see  that  c  =  5*2  x  10'*'.  Of  course,  as  was 
to  be  anticipated,  this  is  a  very  small  quantity,  and  is  very 
small  even  compared  with  the  specific  heat  per  cubic  centimetre 
of  the  gas  in  a  good  vacuum.  The  specific  heat  per  cubic  centi- 
metre of  an  air  vacuum  of  one-millionth  of  an  atmosphere,  such 
as  we  can  probably  attain,  is  about  7  x  10"*®,  so  that  the  energj- 
required  to  heat  up  such  a  vacuum  would  be  practically  all  used 
in  heating  the  matter  present,  only  the  one-thousandth  part 
being  required  to  increase  the  vibrations  of  the  ether  present. 

If  we  apply  Dulong  and  Petit's  law  [of  cooling]  to  calculate 
the  specific  heat  of  the  ether  at  different  temperatures,  we 
obtain  the  following  results.    We  have  obtained  the  equation 

that 

dq^cV 

eft  "   6 

expresses  the  relation  connecting  ^,  the  rate  of  cooling  with  c, 

the  specific  heat  of  the  ether.    Now,  according  to  Dulong  and 

Petit's  law 

J  =  X-  (a*  -  a^), 
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where  q  is  the  quantity  of  heat  per  second  lost  by  radiation, 
when  one  body  is  at  ^  and  its  surroundings  at  U  They  also  cal- 
culated that  for  all  bodies  a  =  10077.  As  I  am  assuming  the 
theory  of  exchanges,  I  may  as  well  at  once  assume  that  the 
total  quantity  of  heat  lost  per  second  is  ^  «  ha*,  and  that  there 
is  Co "  ^'^  radiated  in  the  opposite  direction,  so  that  what  I 
have  called  the  total  heat  of  the  ether  is 


Hm 

V 

To  calculate 

c  we  can  use 

the  result  I  have 

just  used,  and 

say 

and  we  thus 

get 

1^ 
dt 

eV 
6 

>  ka* .  log^a, 

k  -  -35 ; 

so  that,  approximately,  Q  -  "35  x  (1*0077)'.  From  tliis  we  can 
calculate  the  total  heat  per  cubic  centimetre  of  the  ether  at 
di£ferent  temperatures,  and  get 

J5r-7x  10-"  X  (l-0077y, 
and  the  specific  heat  per  cubic  centimetre 

c  -  5-2  X  10-"  X  (10077)'. 

Even  at  the  estimated  temperature  of  the  Sun  at  3000^  C.  this 

would  be  still  only 

c  =  5-2xl0->; 

but  it  is  evident  that  if  the  specific  heat  of  the  matter  in  a  gas 
is  at  all  nearly  constant  up  to  these  temperatures,  a  very  large 
XMirt  of  the  heat  energy  would  be  in  the  ether  if  the  gas  were 
rare.  This  is  what  one  would  expect  in  considering  tempera- 
tures of  spark  discharges,  and  accounts  for  theii*  very  short 
diuration. 

It  is  quite  easy  to  apply  the  same  considerations  to  calculate 
these  quantities  upon  other  laws  of  cooling,  but  this  whole 
subject  is  so  uncertain  it  is  hardly  worth  doing  more  than  point 
out  what  is  to  be  done. 

N 
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ON  SOME  METHODS  OF  MEASURING  THE  DENSITIES 

OF  GASES 

[From  the  Seientijte  Froeeedings  of  the  Boyal  Dublin  Society, 

Read  June  15,  1885.] 

The  following  methods  depend  on  determining  the  amount  by 
which  a  body  is  buoyed  up  when  immersed  in  the  gas. 

The  first  arrangement  consists  of  a  large  thin  glass  ball 
sealed  up  and  suspended  by  a  bifilar  suspension.  The  period  of 
oscillation  of  such  a  ball  round  a  vertical  axis  depends  on  the 
distance  apart  of  the  suspending  fibres,  on  its  moment  of  inertia, 
and  on  the  weight  of  the  balL  This  latter  depends  on  the 
density  of  the  gas  in  which  it  is  immersed,  and  by  observing  the 
time  of  oscillation  of  the  ball  it  is  possible  to  determine  the 
density  of  the  gas.  In  order  to  do  this  conveniently  it  is  well 
to  make  observations  of  the  period  of  oscillation  in  two  gases  of 
known  densities,  as  for  instance  in  air  at  the  ordinary  atmo- 
spheric pressure,  and  at  a  very  much  lower  pressure  obtained 
by  exhausting  by  an  air-pump  the  vessel  in  which  the  ball  is 
suspended.  As  the  relation  connecting  the  number  of  oscilla- 
lations  per  second  (N)  of  the  ball  with  the  density  (8)  of  the  gas 
in  which  it  is  immersed  is  of  the  form  -:V  =  ^  +  BS,  two 
observations  serve  to  determine  A  and  -B,  and  then  any  other 
density  can  be  determined  in  terms  of  iV,  the  number  of 
oscillations  performed  by  the  ball.  From  experiments  I  made 
I  believe  it  is  easy  to  arrange  that  the  ball  shall  perform 
one  hundred  oscillations  without  their  amplitude  being  either 
initially  too  large  or  finally  too  small ;  and  if  by  making  the 
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length  of  the  suspending  tlireads  long  (this  is  better  than  makiiig 
their  distance  apart  small,  as  this  latter  introduces  a  correction 
depending  on  their  torsion),  the  period  of  oscillation  be  consider- 
able, it  is  evidently  possible  to  determine  this  period  very 
accurately.  It  is  better  to  determine  the  period  of  this  oscil- 
lation round  a  vertical  axis  than  its  period  of  oscillation  as  a 
pendulum,  because,  without  a  very  long  suspension,  this  latter 
would  be  more  rapid,  and  would  besides  be  more  damped  by  the 
gas  present.  If,  however,  means  were  employed  for  keeping  up 
the  oscillations,  as,  for  instance,  by  attaching  a  small  piece  of 
iron  to  the  ball,  and  attracting  it  when  in  the  middle  of  its 
fiwing  by  means  of  a  magnet,  or  by  moving  the  point  of  sus- 
pension, or  by  other  means,  the  period  of  oscillation  could  be 
determined  to  any  desired  degree  of  accuracy. 

The  complete  theory  of  the  experiment  is,  however,  very 
complicated.  The  highest  matliematics  have  been  expended 
on  calculating  the  effect  of  the  gas  present  on  the  period  of 
oscillation  of  a  pendulum ;  and  although  the  theory  of  a  sphere 
performing  oscillations  round  one  of  its  diameters  is  enormously 
simpler,  yet  the  way  in  which  its  period  of  oscillations  depends 
on  the  viscosity  of  the  gas  is  rather  complicated,*  and  this  would 
make  it  a  rather  complicated  operation  to  calculate  accurately 
the  density  of  the  gas  from  obsei^vations  with  this  instrument 
It  might,  however,  be  used  for  rough  observations,  and  as  the 
same  series  of  obser\'ations  by  giNing  the  logarithmic  decrement 

[*  For  these  calculationB  see  Lamb*8  "  Hydrod  jnamics.'*  The  torsioiial  oscil- 
lations of  a  sphere  are  treated  on  p.  568,  where  the  retarding  torque  arising  from 
Tiscositj  is  determined.  Its  first  term  alone  affects  the  frequency  i\r,  when  the 
retardation  is  small ;  the  other  term  determines  the  rate  of  subsidence.  The  final 
result  comes  out  to  be 

where  8/80  v^  the  ratio  of  the  densities  of  the  gas  and  the  sphere ;  i9  s  (AV^v^)^* 
where  9  is  the  kinematic  coefficient  of  viscosity,  which  is  of  the  order  10->  c.  g.  s. 
for  gases  and  is  inversely  as  the  density  for  each  gas ;  and  a  is  the  radius  of  the 
sphere.  Thus  the  simple  formula  in  the  text  holds  good  only  when  i9a  is  a  small 
fraction,  or  when  it  is  of  order  higher  than  { :  in  both  these  cases  BIA  is  the  same 
for  all  gases.] 

N  S 
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of  the  amplitudes  of  oscillations  would  give  a  measure  of  the 
viscosity  of  the  gas,  it  would  be  an  interesting  instrument  to 
make  observations  with  on  a  considerable  series  of  gases  and 
vapours. 

The  second  instrument  I  constructed  works  upon  the  same 
principle  as  an  old  philosophical  instrument  called  a  ''Baroscope.'* 
It  was  constructed  for  the  purpose  of  demonstrating  the  amount 
by  which  bodies  are  buoyed  up  by  the  air  in  which  they  are 
immersed.  A  piece  of  cork  or  a  glass  bulb  is  balanced  in  a  rough 
balance  by  a  lead  weight.  If  this  be  placed  under  the  receiver 
of  an  air-pump,  the  lead  weight  no  longer  balances  the  cork  or 
bulb,  as  it  is  no  longer  assisted  by  the  presence  of  dense  air.  A 
delicate  apparatus  of  this  kind  is  evidently  capable  of  exactly 
the  same  accuracy  as  the  ordinary  method  of  weighing  the  gas 
in  the  bulb,  as  in  Dumas'  method,  for  it  is  only  weighing  the  gas 
displaced  by  the  bulb  instead  of  that  in  it.  As,  however,  most 
delicate  balances  are  large,  I  thought  it  might  be  well  to  con- 
struct an  apparatus  of  this  kind  on  a  very  small  scale,  so  as  to 
be  able  to  deal  with  comparatively  small  volumes  of  a  gas. 
I  have,  therefore,  constructed  one  as  follows: — I  blew  a  thin 
glass  bulb  of  about  1  cm.  diameter  on  a  fine  quill  tube,  which  I 
drew  out  to  a  thinner  stem  about  2  cm.  long.  To  the  end  of 
this  I  attached  a  mirror  such  as  is  used  for  galvanometers,  with 
its  plane  at  right  angles  to  the  stem.  At  a  point  in  the  stem 
close  to  the  bulb  I  attached  two  very  small  and  sharp  splinters 
of  glass  which  projected  away  from  the  stem  in  such  a  way  that 
the  whole  thing  could  be  supported  on  the  two  sharp  points  of 
the  glass  splinters.  By  bending  the  stem  judiciously,  and 
attaching  small  pieces  of  glass  to  regulate  the  balance,  it  is 
comparatively  easy  to  arrange  that  the  whole  thing  shall  balance 
on  these  two  sharp  points,  and  perfomi  slow  oscillations,  proving 
that  its  centre  of  graWty  is  close  below  the  line  joining  these 
points.  The  mirror  should  be  vertical,  and  the  stem  nearly 
horizontal.  If  it  be  now  supported  by  the  two  points  resting  in 
the  concave  side  of  a  splinter  of  a  fine  glass  tube,  the  whole 
apparatus  can  bear  to  be  moved  about  freely  without  shaking 
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off  its  supports.  If  it  be  now  placed  so  as  to  reflect  a  spot  of 
light  from  the  mirror  to  a  vertical  scale,  or  if  an  image  of  a 
vertical  scale  in  its  mirror  be  viewed  through  a  telescope,  it  is 
possible  to  observ^e  the  position  of  the  instrument  very  accur- 
ately. If  the  density  of  the  air  in  which  the  apparatus  is 
immersed  be  changed,  its  position  of  equilibrium  alters,  and  the 
spot  of  light  is  reflected  to  a  different  point  of  the  scale.  I  have 
constructed  an  instnmient  of  this  kind,  in  which  the  alterations  of 
position  on  a  scale  about  one  metre  off  are  as  great  as  the  alter* 
ations  of  the  mercury  barometer  gauge  of  the  air-pump,  showing 
that  it  is  possible  to  determine  pressures  \vith  tliis  instrument 
nearly  as  accui-ately  as  with  a  mercury  barometer  gauge.  This 
is  of  course  the  same  as  determining  the  density  of  the  air,  for  it 
is  the  density  and  not  the  pressure  of  the  gas  present  that  affects 
the  position  of  the  instrument  I  have  found  that  the  most 
satisfactory  way  of  using  the  instrument  is  to  have  some  means, 
as  by  an  attached  Sprengel  or  other  air-pump,  by  which  to  alter 
the  pressure  of  the  gas  in  which  the  instrument  is  immersed, 
until  the  spot  of  liglit  or  image  of  the  scale  is  in  some  standard 
position,  such  as  it  takes  up  in  air  at  a  known  temperature  and 
pressure.  Under  these  circumstances  the  density  of  the  gas  is 
the  same  as  that  of  this  air,  and  an  observation  of  the  tempera- 
ture and  pressure  of  tlie  gas  enables  its  density  at  any  other 
temperature  and  pressure  to  be  calculated.  As  the  whole  thing 
can  be  put  inside  a  tube  four  centimetres  long,  and  three  in 
diameter,  it  could  evidently  be  easily  jacketed  so  as  to  keep 
it  at  a  high  temperature,  and  then  be  used  to  measure  the 
densities  of  vapours,  tlie  only  precaution  required  being  that 
the  temperature  should  be  sufficiently  Iiigh  to  prevent  the  gas 
from  condensing  as  a  liquid  on  the  apparatus.  A  small  cor- 
rection might  also  be  required  for  the  expansion  of  the  glass  by 
heat  As  the  whole  thing  can  be  made  of  glass,  for  even  the 
mirror  need  not  be  silvered,  it  is  applicable  to  such  corrosive 
gases  as  chlorine,  bromine,  and  iodine. 

It  is  e\ident  that  a  large  number  of  applications  of  the  same 
general  principle  are  possible :  as,  for  instance,  by  weighing  a 
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balb  immersed  in  a  vapour,  as  in  Mr.  Joly's  calorimeter,  in  an 
ordinary  balance,  or  by  using  spring-balances  to  determine  the 
weight  of  the  bulb.  A  very  pretty  one  might  be  made  by  an 
application  of  Messrs.  A}Tton  and  Perry's  shaving  springs,  and 
it  might  be  made  very  delicate  by  reading  the  position  of  the 
bulb  by  reflection  from  a  mirror  attached  to  it  By  suspending 
a  thin  balloon  of  collodion,  distended  by  a  heavy  gas,  in  a  gas, 
the  density  of  the  latter  might  be  measured  with  a  very  delicate 
balance  that  would  not  bear  the  weight  of  a  glass  bulb. 
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ON  THE  LIMITS  TO  THE  VELOCITY  OF  MOTION  OF  THE 

WORKING  PARTS  OF  ENGINES 

[From  the  Scientife  Proaedingt  of  the  Royal  Dublin  Society, 

Head  March  24, 1886.] 

Engines  are  used  for  transforming  one  kind  of  energy  into 
another. 

Mechanical  engines  are  of  two  great  classes — those  that 
transform  potential  or  statical  energy  into  work,  and  those  that 
transform  kinetic  energ}"  into  work. 

Slow-moving  overshot  waterwheels  may  be  taken  as  types  of 
the  first  class,  and  windmills  as  types  of  the  second  class.  In 
all  cases,  it  is  of  course  possible  by  mechanical  contrivances,  such 
as  levers,  pulleys,  wheels,  etc.,  to  obtain  any  velocity  of  moving 
parts ;  but  the  velocity  I  am  calling  attention  to  is  the  velocity 
of  the  parts  that  move  with  the  working  substance.  Now,  in 
the  case  of  waterwheels  it  is  evident  that  when  the  wheel  turns 
so  fast  that  the  water  in  the  buckets  is  descending  as  fast  as  it 
would  fall  freely,  there  can  be  no  work  being  done  by  the  water 
on  the  wheel,  and  so  this  limits  the  rate  of  working  of  the  wheeL 
It  is  to  be  remarked  that  in  the  limiting  case  the  efficiency  is 
zero,  while  the  power  is  zero  when  the  efficiency  is  a  maximum. 
i,  e.  when  the  wheel  is  turning  most  slowly,  and  that  there  is  a 
rate  of  working  intermediate  between  these  for  which  the  power 
is  a  maximum.  In  the  case  of  windmills,  when  the  sails  turn 
so  fast  that  the  wind  blows  on  unstopped,  there  is  similarly  no 
work  being  done,  and,  just  as  in  the  other  case,  this  limits  their 
velocity. 
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Heat  engines  are  of  a  different  class,  as  they  are  for  the 
transformation  of  irregular  into  regular  motion  ;  but  their 
mechanical,  as  distinct  from  their  thermal,  arrangements  may 
be  grouped  as  in  the  last  case.  Ordinary  steam  engines  work 
by  means  of  the  energy  in  the  steam  doing  work  by  pressing  on 
a  piston,  and  evidently  this  piston  cannot  move  faster  than  the 
steam  can  follow  it  up.  Professor  Osborne  Beynolds  has,  in  the 
March  number  of  the  Philosophical  Magazine  this  year,  called 
attention  to  the  way  in  which  the  velocity  of  flow  of  a  gas  into 
a  vacuum  is  limited,  and  this  limits  the  velocity  of  motion  of 
the  piston  in  an  engine.  He  has,  however,  omitted  to  notice 
that  there  is  a  greater  velocity  than  the  velocity  of  sound  with 
which  a  gas  can  move  into  a  vacuum,  namely,  at  the  rate  at 
which  its  particles  are  moving.  This  only  comes  into  effect 
when  the  space  is  so  small,  compared  with  the  free  path,  that  we 
cannot  deal  with  the  molecules  as  making  an  indefinite  number 
of  encounters  on  their  way  across  the  vessel  In  the  case,  for 
instance,  of  a  piston  in  a  vessel  full  of  a  gas  moving  suddenly 
from  rest,  with  a  velocity  equal  to  that  of  the  average  velocity 
of  the  molecules  of  the  gas,  wliich  is  greater  than  the  velocity  of 
sound  in  the  gas,  it  is  also  evident  that  all  the  molecules  that 
were  just  on  the  point  of  striking  the  piston  would  follow  it 
up,  and  that  those  that  happened  to  be  moving  normally  to  it 
would  keep  following  it  up,  and  so  would  be  diffusing  into  this 
vacuum  at  a  greater  rate  than  the  velocity  of  sound  in  the  gas. 
This  leads  to  a  diffusion  velocity  of  energy  in  a  vacuum  small 
compared  with  the  free  path,  quite  different  from  the  velocity 
of  sound,  and  upon  which  evidently  radiometer  action  depends. 
It  is  this  that  would  ultimately  limit  the  rate  at  which  the 
piston  could  be  moved  by  the  gas.  I  have  explained  this  at  my 
lectures  on  the  Theory  of  Steam  Engines  for  some  years  back. 
Steam  may  also  be  used  kinetically,  as  in  Giffard's  injector  and 
Hero's  engine ;  and  in  these  cases  velocity  of  motion  is  limited 
by  the  velocity  of  flow  of  the  steam. 

In  the  case  of  most  of  these  engines  that  transform  kinetic 
energy  into  work,  it  is  to  be  remarked  that  when  moWng  slowly 
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there  is  a  very  small  power  produced  at  the  expense  of  a  great 
expenditure.  For  example,  in  Hei*o's  engine  and  engines  of  this 
type,  if  the  steam  runs  out  freely  without  mo\dng  the  engine, 
there  is  certainly  the  maximum  pressure  tending  to  move  the 
parts,  but  no  power  is  produced,  even  though  a  great  deal  of 
steam  is  being  employed.  It  is  not  the  same  with  pressure 
engines,  like  ordinary  steam  engines.  They  may  be  worked 
slowly,  and  the  power  produced  is  proportional  to  the  steam 
employed.  The  same  distinction  holds  in  the  case  of  water 
engines  working  pistons,  and  turbines.  In  the  case  of  the 
kinetic  engine  we  must  work  rapidly  if  we  are  to  get  a  good 
eflBciency,  for  the  efficiency  vanishes  at  the  slow  limiting  velo- 
city. In  the  case  of  statical  engines,  the  efficiency  is  a  maximum 
when  they  are  working  at  their  slow  limiting  velocity,  and 
vanishes  when  working  at  their  quick  limiting  velocity.  In  the 
case  of  a  perfect  turbine,  the  efficiency  is  a  maximum  when 
going  at  its  quick  limiting  velocity.*  In  the  case  of  water 
engines  there  is  evidently  a  limiting  velocity  also  depending  on 
the  rate  of  propagation  of  energy  by  the  water,  i.  e,  its  rate  of 
propagating  sound.  Gas  engines  have  similarly  a  limiting  rate 
of  working  depending  on  the  rate  of  explosion,  i,  c.  of  propaga- 
tion of  energy  by  the  working  substance. 

Capillary  engines  and  muscles  have  probably  limits  of  rates 
of  working  analogous  to  those  depending  on  the  rates  of  diffusion 
of  the  molecules  of  the  working  substances  at  the  working  sur- 
faces. We  know  that  muscles  like  kinetic  engines  have  a  zero 
efficiency  when  working  at  their  zero  limit  of  velocity,  and  there 
is  almost  certainly  a  maximum  limit  to  their  rate  of  working. 
Capillary  engines,  like  M.  Lippmann's,  are  evidently  limited  by 
the  rate  of  diffusion  of  the  molecules  at  the  capillar}'  surfaces, 
t.  c.  of  the  superficial  energy. 

Electric  engines  have  got  analogous  properties.  There  are 
the  two  classes — electrostatic  engines,  such  as  a  reversed  Holtz 
machine,  and  electrokinetic  engines,  such  as  ordinaiy  magnetos 
and  dynamos.    The  former  can  be  worked  as  slowly  as  we  please, 

[*  Cf .  the  recent  steam  turbines  of  Parsons  and  of  Laval.] 
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without  waste  of  energy ;  but  the  latter  i*equire  to  be  worked  at 
near  their  limiting  velocity  to  have  a  good  efficiency.  A  limit* 
ing  velocity  in  the  case  of  dynamos  is  well  known,  and  is  attained 
when  the  inverse  electromotive  force  of  the  dynamo  is  equal  ta 
the  driving  electromotive  force ;  but  with  a  given  electromotive 
force  it  does  not  seem  at  first  sight  as  if  there  were  any  limit 
to  the  rate  of  working  of  a  Holtz  machine  or  any  electrostatic 
engine. 

If  we,  however,  consider  the  electromagnetic  action  of 
moving  electricity,  it  becomes  evident  that  the  forces  between 
the  different  parts  of  an  electrostatic  engine  must  diminish  as 
its  velocity  of  motion  increases,  until  its  parts  have  a  relative 
motion  equal  to  the  velocity  of  light,  when  there  will  be  no 
more  forces  between  them.  If  it  move  faster  than  this,  it  will 
become  an  electromagnetic  engine,  for  the  electromagnetic  forces 
will  become  greater  than  the  electrostatic.  The  way  in  which 
this  acts  is  as  follows : — Suppose  a  charged  body,  eg,  the  carrier 
in  any  of  the  multiplier  forms  of  any  electrostatic  engines,  move 
near  a  conductor,  it  induces  on  this  latter  an  electric  charge 
which  moves  along  with  the  moving  carrier.  I  must  neglect  the 
resistance  of  the  conductors,  because  it,  being  of  the  nature  of 
friction  in  ordinary  engines,  limits  the  velocity  in  quite  a 
different  way  from  the  ways  I  am  considering.  Now,  if  the 
carrier  move  with  the  velocity  of  light,  it  and  its  induced 
charges  will  have  no  action  on  one  another,  and  so  there  will  be 
no  forces  tending  to  move  the  carrier.  Similarly,  if  a  plate 
with  a  charge  on  it  move  parallel  to  a  conducting  plate,  the 
moving  electrification  while  its  velocity  is  increasing  induces  a 
current  in  the  conducting  plate  which  is  permanent,  because  the 
conducting  plate  is  supposed  to  be  a  perfect  conductor,  and  the 
electromagnetic  action  of  these  two,  when  the  moving  plate 
moves  with  the  velocity  of  light,  is  equal  and  opposite  to  their 
electrostatic  attraction.  Thus  it  appears  that  the  velocity  of 
light  is  a  limiting  velocity  to  the  rate  of  motion  of  these  engines, 
just  as  the  velocity  of  the  particles  of  steam  is  a  limit  to  the 
rate  of  motion  of  the  piston  in  a  steam  engine. 
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There  is  the  same  limit  to  the  rate  of  working  of  electnK 
magnetic  engines.  Consider  a  very  simple  case.  Suppose  a 
wire  sliding  on  two  parallel  rails  with  a  magnetic  force  at 
right  angles  to  their  plane,  and  an  electromotive  force  dri\Tng 
a  current  round  the  circuit.  If  the  magnetic  force  be  feeble 
enough  there  seems  at  first  sight  no  limit  to  the  ultimate 
velocity  of  motion  of  the  wire.  If  we  consider,  however,  what 
takes  place  when  the  electricity  goes  across  from  the  rails  to- 
the  moving  wire,  we  see  that  the  reason  it  goes  across  is  because 
an  electrification  on  the  rails  induces  a  charge  on  the  moving 
wire,  and  these  attract  one  another  and  combine,  this  action 
being  kept  going  constantly  by  the  fresh  charges  supplied  by 
the  battery.  Now  if  the  wire  move  with  the  velocity  of  light,, 
there  will  be  no  longer  any  action  between  these  charges,  and 
so  the  wire  will  act  practically  as  a  non-conductor.  A  con-^ 
ductor  moving  with  the  velocity  of  light  acts  in  other  respects 
as  a  non-conductor,  for  it  is  evident  that  we  can  have  any  desired 
distribution  of  electricity  in  it  or  on  it  without  any  tendency^ 
for  it  to  change.*  It  would  be  more  correct  to  describe  it  as  a 
region  in  which  the  electrostatic  inductive  capacity  was  infinite, 
and  where,  consequently,  a  given  charge  produced  no  force  in 
its  neighbourhood.  There  is  another  way  of  looking  at  thia 
question,  and  one  that  leads  to  another  view  of  the  reason  for 
this  limiting  velocity.  It  depends  on  the  theory  put  forward 
by  Professor  Poynting  that  the  energy  given  out  at  any  point  in 
an  electric  circuit  is  transferred  there  through  the  ether,  and  aa 
energy  is  transferred  through  the  ether  ^vith  the  velocity  of 
light,  it  cannot  keep  up  with  a  moving  body  that  moves  with  a 
greater  velocity  than  this.  This  completes  the  very  remarkable 
analogy  between  the  way  in  which  the  rate  of  motion  of  a  piston 
by  a  gas  is  limited  by  the  rate  of  propagation  of  energy  in  the 
gas,  and  the  rate  of  motion  of  electric  engines  is  limited  by 
the  rate  of  propagation  of  energy  in  the  ether. 

[*  See,  however,  Introduction.] 
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ON   THE   TEMPERA.TURE  AT   VARIOUS  DEPTHS  IN 
LOUGH  DERG  AFTER  STJNNT  WEATHER 

[From  the  Scientific  Proaedingt  of  the  Royal  Dublin  Soeiittf. 

Bead  April  21,  1886.] 

The  measurements  upon  which  this  Paper  is  founded  were  made 
by  me  in  the  month  of  July,  1876,  and  I  would  have  hardly 
thought  them  worth  recording  only  that  I  have  lately  seen  it 
noticed  as  a  new  fact  that  the  isothermal  surfaces  in  the  Lake 
of  Geneva  are  not  level  surfaces ;  and  that  this  was  so  in  Lough 
Derg  was  one  of  the  special  features  I  remarked  in  my  obser- 
vations of  nearly  ten  years  ago. 

I  made  experiments  with  a  maximum  and  minimum  thermo- 
meter, attached  to  a  sounding-line,  and  the  differences  of 
temperature  observed  were  so  great  that  there  could  be  no 
doubt,  even  with  rough  experiments. 

The  observations  were  made  after  a  long  continuance  of 
hot,  sunny  weather,  during  which  the  day  temperatures  ranged 
from  73®  F.  to  75°  F.,  and  the  night  temperatures  from  55®  F. 
to  65°  F. 

The  temperature  of  the  surface  of  the  lake  rose  rapidly 
during  sunshine,  at  a  rate  of  nearly  a  degree  per  hour.  In  the 
deep  water  the  temperature  of  the  surface  did  not  rise  so  fast 
as  in  the  shallow  water.  About  3.30  in  the  day  the  temperature 
of  the  surface  water  in  the  deep  parts  was  71°  F.,  and  in  the 
shallows  75°  F.  From  a  calculation  of  the  amount  of  heat  that 
enters  the  water,  it  seems  that  only  about  -^tih  or  less,  was 
used  in  heating  it,  tlie  rest  being  probably  spent  in  evaporation. 
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During  the  evening  the  temperature  of  the  surface  fell  slowly, 
until  in  the  morning  it  was  uniform  to  a  depth  of  about  5  yards, 
this  being  the  depth,  apparently,  that  the  convexion  currents 
during  the  night  reached.  This  temperature  was,  on  the  night 
I  observed  it,  eleven  degrees  above  the  night  temperature  of  a 
thermometer  exposed  on  grass.  In  the  shallow  water  the  tem- 
perature fell  more  rapidly  until  it  was  about  two  degrees  colder 
than  the  surface  water  in  deep  parts,  and  nearly  the  same  as 
that  of  the  water  at  the  bottom  of  the  deep  parts  of  the  lake. 
It  thus  appears  that  the  cold  water  supply  for  the  bottom  of 
the  lake  may  be  kept  up  by  the  cold  night  water  from  the 
shallows. 

On  laying  out  a  series  of  afternoon  isothermal  lines,  it 
appears  that  they  are  closer  together  in  the  shallow  water  than 
in  the  deep  water,  the  bottom  in  the  shallower  water  being  in 
general  colder  than  at  the  same  depth  in  deep  water,  though,  of 
course,  in  the  very  shallow  water,  where  the  surface  was  several 
degrees  hotter  than  elsewhere,  the  whole  of  this  very  shallow 
water  was  warmed  up,  and  was  hotter  than  water  at  the  same 
level  elsewhere.  The  rate  of  change  of  temperature  downwards 
was  very  regular,  from  a  depth  of  from  5  to  6  yards  to  the 
bottom.  At  the  depth  of  5  to  6  yards  it  changed  more  rapidly, 
and  from  that  up  to  the  surface  was  the  region  that  was  affected 
by  the  diurnal  changes  of  temperature.  During  the  day  the 
upper  layers  in  this  region  became  much  hotter,  and  during  the 
night  the  whole  of  this  region  gradually  became  of  the  same 
temperature  throughout.  The  depth  of  this  region  was  ob- 
servable, during  the  days  I  observed  it,  by  the  variation  in 
the  rate  of  change  of  temperature  that  occurred  ac  thia 
depth  ;  the  change  of  temperature  was  more  rapid  here  than 
in  either  the  subjacent  or  in  the  immediately  superincumbent 
layers. 

From  the  rate  of  decrease  of  temperature  in  the  superficial 
layers  I  calculated  that  the  coefficient  of  absorption  of  heat  per 
yard  was  '71,  but  as  it  is  known  that  this  is  very  different  for 
different  rays  of  the  spectrum,  it  is  probable  that  the  coefficient 
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of  absorption  of  the  first  layers  is  very  much  greater.  I  had 
not  any  sufficiently  accurate  method  of  measuring  the  temper- 
atures at  near  points  to  determine  the  rate  of  change  of 
temperatures  for  small  distances  near  the  surface,  but  it  was 
oertainly  very  much  more  rapid  than  even  at  a  short  distance 
below  the  surface. 
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EXPEEIMENTAL    SCIE2s'CE    IN    SCHOOLS  AJs'D    UlOVEIl- 

6ITIES 

[From  Katmr,  toI.  86,  1S86-7.] 

Professor  G.  R  Fitz  Gerald,  as  Vice-President  of  the  Dublin 
University  Experimental  Science  Association,  delivered  an 
•address  at  the  opening  meeting,  held  on  November  23,  in  the 
Museum  Buildings  of  Trinity  College,  under  the  presidency  of 
the  Kev.  the  Provost,  on  "  Experimental  Science  in  Schools  and 
Universities." 

Professor  Fitz  Gerald,  at  the  outset  of  his  address,  dealt 
■with  the  history  of  Univeraities,  and  showed  how  they  gave 
such  preponderance  to  book  as  against  experimental  knowledge. 
That  had  led,  the  Professor  continued,  to  a  dual  system  of 
education — the  professional  and  the  commercial.  That  gap 
between  the  classes  was  much  to  be  lamented,  and  necessitated, 
from  a  political  point  of  \dew,  the  desirability  of  having  all 
classes  educated  in  the  same  institutions.  Tlie  commercial 
classes  would  not,  however,  enter  the  Universities  at  present, 
because  they  required  to  be  taught  useful  subjects,  and  they 
would  not  learn  the  Latin  and  Greek  now  requiied  in  our 
Universities.  From  the  political  side  of  the  question,  he 
thought,  they  had  got  these  results — that  they  must  be  content 
to  have  useful  subjects  taught  in  their  schools  and  Universities, 
if  the  schools  and  Universities  were  to  be  used  by  the  largo 
body  in  the  country  who  were  willing  and  able  to  pay  for  it. 
What  they  must  have,  if  possible,  was  a  single  scliool  and 
college  system  for  all  classes  of  the  community  who  were  able 
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to  spend  the  first  twenty  years  or  so  of  their  life  in  education ; 
and  they  ought  to  have  a  system  that  was  complete,  which  gave 
a  training  to  those  who  could  not  afford  to  go  on  the  whole 
length  up  to  twenty  years,  and  which  ought  to  be  able  to  train 
those  who  desired  to  go  on  for  the  higher  culture.    Returning 
to  the  education  side  of  the  question,  he  insisted  that  almost 
the  whole  importance  was  as  to  how  the  subject  was  taught. 
He  thought  the  use  of  the  Latin  Grammar  had  been  reduced  to 
a  very  good  system;  but  he  thought  it  was  perfectly  evident 
from  the  course  that  things  were  taking  and  the  reasonableness 
of  things,  that  they  must  teach  tlieir  youth  some  knowledge  of 
science.    People  who  felt  responsibility  in  the  matter  were  being 
more  and  more  convinced  that  it  was  not  right  for  them  to 
allow  their  children  to  grow  up  ignorant  of  the  laws  of  the 
world  in  which  they  live.     Others  made  answer  to  that,  that 
they  left  those  laws  of  the  world  to  the  doctors.    But  how  were 
they  to  know  imder  what  circumstances  it  was  well  to  consult  a 
specialist  ?    It  was  very  necessary  for  us  to  have  a  knowledge 
when  we  required  to  consult  a  doctor.     Himdreds  of  people 
were  killed  by  ignorance  of  the  fact  that  dirt  was  the  cause  of 
disease.     That  was  a  very  elementary  subject.    Nevertheless, 
people  were  dying  every  day  from  ignorance  of  that  very  fact ; 
and,  unless  they  were  taught  to  believe  in  the  fact  that  there 
were  laws  of  Nature,  they  would  not  believe  that  dirt  was  the 
cause  of  disease,  because  they  saw  some  people  living  in  dirt 
and  yet  not  the  victims  of  disease.     He  thought  that  time  for 
teaching  science  must  be  foimd  for  these  two  reasons — it  was 
necessary  that  our  youth  should  learn  the  laws  of  the  world  in 
which  they  live,  and  that  they  also  should  learn  how  to  discover 
those  laws.      Unless  our  people  were  taught  the  laws  under 
which  plants  and  animals  were  best  grown,  the  people  of  other 
countries  would  rival  them  in  the  manufacture  of  butter  and 
beef,  and  the  result  would  be  that  our  people  must  star\'e. 
Another  advantage  of  such  training  was  to  prevent  superstition 
such  as  that  of  the  people  of  Spain,  who  preferred  the  use  of 
charms  as  a  safeguard  against  cholera  to  the  cleansing  of  their 
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well&    All  the  classes  of  the  country  required  this  training-* 
they  would  die  without  it,  so  they  must  have  it 

Having  shown  that  the  cultivation  of  Latin  and  Greek  was 
originally  with  the  view  of  acquiring  the  information  contained 
in  the  ancient  books  in  those  languages,  the  Professor  combated 
the  five  reasons  formulated  by  the  Grerman  professoriate  as  to 
why  they  thought  that  the  cultivation  of  Latin  and  Greek  was 
so  important,  observing,  with  regard  to  the  fourth  reason — that 
these  languages  were  the  best  varied  exercise  in  thinking — that 
if  the  connexion  between  words  and  ideas  was  a  thing  that  must 
be  taught  in  every  system  of  education,  his  impression  was  that 
that  would  be  a  great  deal  better  attained  by  describing  accur- 
ately and  thinking  out  the  consequences  of  physical  experiment. 
In  choosing  the  sciences  that  they  should  teach,  there  were 
three  conditions  that  should  be  fulfilled.  First  of  all,  the 
sciences  chosen  ought  to  be  within  the  grasp  of  children, 
because  it  was  highly  important  that  the  science  begim  with 
childhood  should  be  continued  on  in  the  University  days ; 
secondly,  it  ought  not  to  require  any  expensive  apparatus, 
because  schools  and  people  who  trained  children  could  not  be 
expected  to  buy  elaborate  apparatus,  and  children  could  not 
be  expected  to  work  with  them  satisfactorily ;  and,  thirdly,  he 
thought  the  sciences  should  be  chosen  so  as  to  be  concerned 
with  a  large  number  of  the  laws  of  the  world  in  which  we  live. 
There  were  two  large  branches  of  science  which  included  nearly 
all  the  laws  of  the  world,  namely,  the  physical  and  the  biological ; 
and,  therefore,  he  thought  it  would  be  desii-able  to  choose  two 
sciences — one  on  the  physical  and  one  on  the  biological  side,  so 
that  children  might  learn  something  about  the  laws  of  living 
things,  and  something  about  the  laws  of  physical  things.  He 
therefore  suggested  chemistry  and  botany,  and  he  thought  the 
whole  weight  of  their  efforts  should  be  devoted  to  trying  to  get 
the  children  in  schools  to  learn  the  elements  of  chemistry  and 
the  elements  of  botany,  for  there  were  no  other  two  sciences 
the  elements  of  which  were  almost  similar,  and  at  the  same 
time  there  were  no  other  two  sciences  that  led  up  to  a  greater 
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number  of  the  laws  of  life,  nor  that  gave  a  wider  or  more 
extended  view  of  the  laws  of  the  world  in  which  we  live.  The 
objections  to  the  present  system  of  teaching  a  knowledge  of 
experimental  science  was  that  it  almost  entirely  concentrated 
the  person's  attention  upon  phenomena  instead  of  upon  reason- 
ing. Therefore,  in  choosing  their  system  of  teaching,  all  their 
weight  ought  to  be  thrown  into  making  sure  that  their  plan 
had  the  e£fect  of  making  the  child  learn  to  think  a  good  deal 
Another  thing  they  had  to  consider  was  the  enormous  time  that 
children  were  made  to  remain  in  school  without  being  engaged 
in  anything  except  mischief.  He  thought  a  child  should  not 
spend  more  than  four  hours  a  day  at  literary  work.  Well,  that 
occupied  but  a  small  part  of  a  child's  day ;  and  one  of  the  great 
advantages  of  having  experimental  subjects  introduced  into 
school  teachmg  would  be  that  they  were  subjects  at  which  a 
a  child  could  work  without  experiencing  very  much  fatigue. 
He  could  not  help  calling  attention  to  the  flagrant  abuse  of 
the  teaching  of  experimental  science  in  Irish  schools.  Experi- 
mental science  in  Irish  schools  was  very  nearly  the  same  as 
snakes  in  Iceland.  Having  pointed  out  the  fallacy  of  an 
examination — as  exemplified  in  the  Intermediate  Education 
system — that  was  satisfied  with  a  reading  of  the  musical  signs 
unwedded  to  a  knowledge  of  the  sounds  they  represented,  the 
Professor  said  it  would  be  an  enormous  advantage  if  the  Inter- 
mediate Commissioners  could  be  induced  to  keep  up  a  peripatetic 
system  of  periodical  examinations  that  would  insist  upon  prac- 
tical knowledge.  That,  however,  should  not  interfere  with  the 
giving  of  papers  also.  After  observing  that  it  was  at  the  present 
time  impossible  to  carry  out  a  proper  examination  in  laboratory 
work,  and  stating  that  he  considered  it  would  be  very  desirable 
that  the  actual  work  in  the  laboratory  and  analyses  in  practical 
subjects  should  count  towards  the  University  prizes,  Mr.  Fitz 
Gerald  said  he  considered  that  the  present  system  of  analysis 
was  not  very  satisfactory,  and  ho  ui-ged  the  introduction  of  a 
system  that  would  teach  chemistry  practically.  Though  that 
might  be  harder  to  teach  than  Latin  and  Greek,  it  would  not  be 
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80  if  they  had  a  system  worked  out  and  teachers  to  promote  it, 
and  it  would  have  the  inestimable  advantage  that,  in  addition  to 
training  the  child  to  think — which  he  thought  it  would  do 
equally  well  with  Latin  and  Greek — ^it  would  teach  him  the 
laws  of  things,  and  how  to  see  and  learn  the  laws  of  things.  It 
would  also  teach  the  child  to  use  language  to  express  real  ideas, 
and  not  merely  phrases.  They  would  also  learn  a  good  deal 
more  of  the  laws  of  language  from  a  modem  language  that  they 
learned  with  the  grain  than  they  would  by  learning  an  ancient 
language  against  the  grain.  He  thought  that  literature  and 
history  were  co-ordinate  with  science,  and  they  certainly  ought 
to  be  a  large  part  of  education.  Literature  and  history  were 
grievously  neglected  in  the  present  day — ^practically  they  had 
no  place,  and  that  was  substantially  because  Latin  and  Greek 
were  supposed  to  be  a  literary  education.  One  of  the  reasons 
was  that  those  subjects  were  hard  to  examine  in,  but  there  was 
an  easy  way  out  of  that  difficulty  in  Universities.  They  need 
not  examine,  but  they  could  require  attendance  at  lectures — 
attendance  on  good  lecturers ;  and  the  student  would  pick  up 
more  culture  and  would  be  obtaining  a  better  literary  education 
from  hearing  a  good  lecturer  and  being  inspired  by  his  enthu- 
siasm than  he  would  get  by  learning  off  one  of  Shakespeare's 
plays,  and  answering  it  at  an  examination.  Those  two  aspects 
of  education,  the  literary  and  scientific,  were  often  put  in  oppo- 
sition, just  as  the  freedom  of  the  indiAddual  and  the  power  of 
the  State  to  control  the  individual  were  veiy  often  set  up  in 
opposition  to  one  another ;  but  he  did  not  think  any  one  would 
believe  that  opposition  really  arose,  for  the  freest  States  were 
those  in  which  the  power  of  the  State  was  the  strongest.  In 
conclusion,  he  would  say  that  we  must  equip  oui-  youth  for  the 
battle  of  life  physically  and  ethically.  The  present  is  a  gi*eat 
crisis  in  Irish  education.  There  is  danger  of  science  schools 
starting,  and  all  the  evils  of  dual  education.  There  are  a  lai^ 
body  who  like  Latin  and  Greek,  because  they  exclude  literature 
and  history.  These  are  to  be  fought  tooth  and  nail.  There  are 
those  who  would  sacrifice  the  rising  generation  on  an  altar  of 
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so-called  culture  to  starve  and  die,  with  their  only  comfort  that 
they  can  describe  their  agony  in  well-expressed  phrases.  There 
are  those  who  would  grind  all  soul  out  of  mankind  in  a  mill  of 
manual  labour,  constructed  on  scientific  principles.  All  those 
are  to  be  guarded  against  We  must  have  literature  and  histor}\ 
We  must  have  knowledge  of  the  laws  of  the  world  in  which  we 
have  to  work.  We  can  have  both  if  we  will  but  work  out  a 
reasonable  system  of  education,  instead  of  pretending  that  the 
lop-sided  corpse  that  occupies  our  schools  and  Universities  is  a 
well-developed,  symmetrical  giant. 
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ON  THE  ACCURACY  OF  OHM'S  LAW  IN  ELECTROLYTES 

[GonjoinUy  ^th  Dr.  F.  T.  Trouton»  F.R.S.    From  the  M$pwrt  rf  th§ 

BritM  Asioeiatum,  1886.] 

Some  preliminary  experiments  were  begun  in  the  spring  of  this 
year,  and  have  been  carried  on  from  time  to  time  since,  with  a 
view  to  determining  how  far  Ohm's  law  may  be  relied  on  in  the 
case  of  electrolytes. 

Though  as  yet  no  very  high  limits  of  accuracy  in  the  experi- 
ments have  been  attained,  owing  to  causes  which  will  be  later 
on  explained,  still  it  is  hoped  that  from  the  experience  already 
gained  most  of  the  difiiciilties  have  been  got  over,  and  that  soon 
results  of  a  much  greater  degree  of  accuracy  will  be  arrived  at. 

The  method  adopted  is  that  described  in  the  British  Asso- 
ciation Report  for  Glasgow,  1876,  which  Professor  Chrystal,  in 
connexion  with  Clerk  Maxwell,  employed  in  the  case  of  metal 
conductors,  namely,  that  of  a  Wheatstone's  bridge,  two  of  the 
arms  of  which  are  of  about  equal  section  and  resistance,  while 
the  remaining  two,  though  of  equal  resistance,  are  of  very 
diflferent  sections.  If  Ohm's  law  be  not  true,  the  point  of 
balance  of  the  bridge  varies  with  the  amount  of  current  passing 
through  it.  Balance  having  been  obtained,  the  battery-power 
is  altered,  and  if  balance  still  subsists,  the  deviation  &om 
Ohm's  law,  if  there  be  any,  is  such  as  cannot  be  detected  with 
apparatus  of  the  sensitiveness  employed. 

The  great  difficulty  in  experimenting  in  this  way  is  tha 
the  change  in  the  current  alters  the  temperature  of  the  two 
arms  of  unequal  section  very  differently,  and  proportionately 
also  their  resistances.    While  the  thick  conductor  alters  little 
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in  temperature,  the  thin  one  alters  considerably.  Thus  the 
point  of  balance  is  changed,  even  though  Ohm's  law  be  tnie. 
To  avoid  this  effect  it  is  necessary,  having  balanced  with  the 
large  current,  to  immediately  pass  the  smaller  current  before  the 
temperature  can  sensibly  alter.  As  this  requirement  is  prac- 
tically impossible  to  satisfactorily  fulfil,  the  method  employed 
is  a  rapid  alternation  of  a  large  and  small  current.  If  Ohm's 
law  be  not  true,  a  balance  in  this  case  can  only  be  apparent, 
and  on  reversing  the  direction  of  one  of  them,  the  two  currents 
which  before  neutralized  each  others'  action  now  conspire  to 
deflect  the  galvanometer.  The  mode  of  experimenting  is  to 
find  balance  with  a  large  and  a  small  battery  alternately  in 
ciicuit,  and  rapidly  enough  for  the  temperature  during  the 
smaller  current  to  be  sensibly  the  same  as  while  the  larger 
one  is  acting,  then  to  change  the  direction  of  one  of  the  currents 
and  to  again  balance.  The  distance  is  observed  between  the 
two  points  of  balancing,  but  if  the  bridge  still  balances  it  is 
assumed  for  the  purposes  of  calculation  that  the  distance  is 
what  the  galvanometer  employed  only  just  detects.  From  this, 
from  the  two  currents,  and  the  section  and  resistance  of  the 
thin  conductor,  h  is  calculated,  where  e  =  re  (1  -  lu?),  as  is 
explained  in  the  above-mentioned  Eeport.* 

The  liquid,  chosen  for  experimenting  with,  was  a  solution  of 
copper  sulphate  in  water.  The  equal  arms  consisted  of  two 
glass  tubes  bent  at  right  angles  at  each  end,  A  and  B,  arranged 
siphon-like,  and  contained  the  solution.  They  dipped  into  a 
long  narrow  trough,  as  shown  in  the  diagram.  The  arm  of 
large  section  C,  a  tube  119  cm.  long  and  238  cm.  in  internal 
diameter,  reached  from  the  bowl  D  into  which  the  tube  A  also 
dipped,  to  the  bowl  E.  The  small  arm  was  a  hole  '053  cm.  in 
diameter,  drilled  in  the  side  of  the  beaker  F,  063  cm.  in  thick- 
ness, into  which  the  tube  B  dipped. 

The  battery  poles  consisted  of  copper  plates,  one  in  the 
beaker,  the  other  in  the  bowl  D.  The  contact-breaker  was  a 
T  piece  worked  by  cCn  electromagnet  and  cell  K,  as  shown  in 

[^  #  if  electromotiTe  force,  t  current,  and  r  resistance  for  very  smaU  oorrenU.] 
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the  diagram.  One  of  the  batteries  contained  ten  Grove  cells, 
the  other  five,  and  both  could  be  thrown  in  circuit  in  either 
direction  by  means  of  the  reversing  keys  M  and  N.  By  proper 
adjustment  of  the  mercury  cups  P  and  Q  one  of  the  batteries 
went  in  circuit,  just  as  the  dipper  on  the  other  side,  coming 
out  of  the  mercury,  threw  the  second  battery  out  of  circuit. 
By  means  of  the  galvanometers  H  and  I  it  could  be  seen, 
during  the  course  of  an  experiment,  whether  the  contacts  were 
working  properly  or  not. 

One  of  the  copper  wires  leading  to  the  galvanometer  dipped 
into  the  bowl  E,  the  other  into  the  trough,  and  could  be  moved 


up  and  down  it  in  order  to  obtain  balance,  the  distance  moved 
being  read  off  a  scale  along  the  trough.  There  was  always  more 
or  less  of  a  permanent  current  through  the  galvanometer,  even 
though  the  poles  were  both  of  copper ;  this,  especially  as  it  was 
liable  to  sudden  changes  in  amount  caused  by  moving  the 
trough  pole  or  by  accidental  shaking,  necessitated  the  em- 
ployment of  the  galvanometer  in  a  comparatively  insensitive 
condition.  Various  devices  were  tried  with  a  view  to  avoiding 
this  current,  such  as  electroplating  the  poles,  using  chemically 
pure  copper  sulphate,  or  employing  for  poles  either  end  of  a 
broken  wire,  so  as  to  have,  if  possible,  metallically  like  poles ; 
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these  were  found  to  give  an  indication  of  current  even  in 
distilled  water. 

The  resistance  of  the  smaller  arm  was  about  800  ohms,  but 
owing  to  its  smallneas  varied  greatly  with  the  current  through 
the  change  of  temperature.  A  good  deal  of  trouble  was  exper- 
ienced through  the  resistance  of  the  smaller  arm,  at  times, 
being  less  when  the  current  passed  in  one  direction  than  when 
it  passed  in  the  other.  This  occurred  so  often  that  until  its 
cause  was  understood,  and  steps  thus  could  be  taken  to  prevent 
it^  there  was  little  hope  of  completing  the  experiments.  After 
various  attempts  it  was  discovered  to  be  due  to  the  density  of 
the  solution  on  the  outside  of  the  beaker  in  the  bowl  being 
slightly  different  from  that  inside,  so  that  the  density  in  the 
hole,  and  consequently  its  resistance,  depended  on  the  direction 
of  the  current,  the  electric  transfusion  of  the  liquid  always 
changing  direction  with  the  current 

A  number  of  experiments  were  made  of  a  more  or  less 
satisfactory  nature  ;  in  all  no  difference  in  the  position  of 
balance  was  found  on  reversing  one  of  the  batteries.  Taking 
the  difference  then  to  be  what  the  galvanometer  would  just 
detect,  h  is  calculated  to  be  less  than  10**.  This  is,  of  course, 
very  large.  The  limit  Professor  Chrystal  reached  in  his  ex- 
periments with  metal  conductors  was  less  than  10-**. 

With  a  view  to  reaching  a  higher  limit  a  smaller  hole  was 
next  tried.  It  was  '017  cm.  in  diameter,  drilled  in  a  plate  of 
glass  '022  cm.  thick.  Its  resistance  was  about  2700  ohms,  so 
that  a  longer  tube  had  to  be  used  for  the  large  arm.  The  balance 
was  always  found  to  be  very  different  when  one  of  the  batteries 
was  changed  in  direction.  However,  this  was  probably  entirely 
due  to  the  diflferenee  in  temperature  during  the  small  and  large 
currents,  for  K  calculated  from  this  was  not  even  as  small  as  in 
the  first  experiments;  also  the  difllerence  between  the  balance 
points  varied  with  the  speed  of  the  contact-breaker.  Unfor- 
tunately the  contact-breaker,  which  was  adjustable  in  its  rate 
of  vibration,  had  reached  its  limit  of  speed,  so  that  a  completely 
new  arrangement  has  now  to  be  employed. 


1887]  Ohm^s  Law  in  Electrolytes  20i 


43 


ON  Omi'S  LAW  IN  ELECTROLYTES 

[Conjointly  with  Dr.  F.  T.  Trouton,  F.K.8.    From  the  Report  <if  the  Briluh 

AssoeiaiUm^  1887.] 

The  result  of  our  experiments  up  to  this  is  to  ascertain  that  "h** 
"1  [^  "  ^0  (1  -  ^')]  is  certainly  less  than  5  x  lO"*. 

This  time  last  year  it  was  hoped  shortly  to  attain  much 
greater  accuracy  than  had  then  been  reached,  but  it  is  clearer 
now  than  then  what  a  difficulty  the  "  heating  effect "  is. 

This  inherent  difficulty  in  studjing  Ohm's  Law  for  liquid 
electrolytes,  as  compared  with  metallic  conductors,  may  best  be 
understood  by  consideiing  the  increased  difficulty  which  would 
be  introduced  in  the  determination  for  metals  if  the  wire  were 
to  be  immersed  in  an  electrically  non-conducting  liquid.  When 
the  wire  loses  heat,  chiefly  by  radiation,  as  when  in  air,  its 
general  temperature  is  so  much  above  the  temperature  of  sur- 
roundings that  its  rate  of  cooling  may  be  considered  constant 
for  the  small  changes  of  temperature  which  can  occur,  if  the 
alternations  from  the  larger  to  the  smaller  current  be  sufficiently 
frequent.  The  temperature  thus  rises  at  a  constant  rate  while 
the  larger  current  runs,  and  so  falls  again  during  the  time  the 
smaller  current  is  on,  the  average  temperature  in  both  cases 
being  the  same.  The  upper  part  in  the  diagram  ilUustrates 
thi& 

However  with  the  same  frequency  in  changing  currents,  the 
average  temperature,  while  the  larger  current  runs,  may  be 
made  very  different  from  the  average  temperature  while  the 
smaller  current  is  on,  by  immersing  the  wire  in  liquid ;  for  the 
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general  temperature  of  the  wire  can  then  be  only  slightly  above 
the  temperature  of  its  surroundings,  so  that  the  rate  of  cooling 
can  no  longer  be  considered  the  same  throughout  The  lower 
part  of  the  diagram  is  intended  to  roughly  represent  this.  The 
temperature  curve  is  concave  to  the  lower  side  while  the  larger 
current  runs,  but  is  convex  as  the  wire  falls  in  temperature 
during  the  period  of  the  smaller  current.  The  "temperature 
effect"  if  thus  introduced  would  have  to  be  met  by  increasing 
the  speed  of  the  contact-breaker ;  or  otherwise  smaller  currents 
should  be  used,  which  of  course  would  diminish  the  refinement 
in  the  determination  of  "  h  "  corrospnn(lin<;lv. 


^fifeSfi! 


i^yijfessfi 


Now  this  is  similar  to  the  case  of  a  liquid  electrolyte,  the 
smaller  arm  of  the  bridge  rapidly  losing  heat  by  convection, 
from  its  necessary  proximity  to  the  larger  bodies  of  liquid  at 
both  ends.  The  actual  rise  in  temperature  in  one  experiment 
was  ascertained,  through  the  increased  resistance,  to  be  much 
less  than  ten  degrees ;  while  in  some  of  the  determinations  made 
with  metals  the  wire  fused  during  the  experiment,  so  high  a 
temperature  was  reached. 

The  greatest  speed  found  necessary  for  tlie  contact-breaker 
in  the  determination  with  metal  conductors,  when  "A"  was 
ascertained  to  be  less  than  10'*',  was  about  100  per  second. 
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The  fastest  of  the  three  forks  we  have  successively  employed  is 
about  160  per  second,  but  a  much  faster  fork  has  been  prepared, 
though  as  yet  it  has  not  been  got  to  work  satisfactorily. 

The  diameter  of  the  smaller  arm  has  been  reduced  con- 
siderably since  last  year.  One  hole  of  '0027  cm.  was  bored 
with  a  specially  prepared  needle  in  extremely  thin  mica.  So 
that  not  much  more  can  be  .done  in  this  direction.  .  The 
density  of  the  greatest  current  which  could  be  used  throu^ 
this  without  ''  heating  effect "  was  about  ten  amperes  per 
square  centimetre. 
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OK  THE  ACCURACY  OF  OHM'S  LAW  IN  ELECTE0LT8I8 

[Conjointlj  with  Dr.  F.  T.  Trouton,  F.R.S.    From  the  JUpoH  •/  (A#  BriiUh 

Atioeiation,  1888.] 

ExFERiMKNTS  have  been  made  with  the  faster  fork  alluded  to  in 
last  year's  report,  with  the  result  of  bringing  the  determination 
to  about  twice  the  degree  of  refinement  then  mentioned  as 
attained,  or  "A"  to  be  less  than  3  x  10-*.  The  rate  of  this 
fork  (about  290  vibrations  per  second)  is  nearly  twice  that  of 
the  previously  employed  fork  (160  per  second).  From  the  ex- 
periment described  below  the  possible  increase  in  refinement 
obtainable  by  doubling  the  rate  appears  to  be  about  fourfold, 
or  twice  that  obtained. 

Considering  that  the  difficulties  of  working  increase  greatly 
with  the  rate  of  the  fork,  it  was  thought  more  advisable  for 
the  further  prosecution  of  the  investigation  to  try  some  other 
method  of  breaking  the  contacts  than  to  prepare  a  still  faster 
fork. 

A  commutation  arrangement  attached  to  the  spindle  of  a 
small  magneto  has  been  employed  with  fairly  satisfactory 
results.  As  great  a  refinement,  however,  has  not  yet  been 
reached  with  it  as  was  attained  with  the  fork  method,*  chiefly 
through  the  difficulties  connected  with  running  the  magneto 
uniformly ;  but  we  hope  soon  to  have  storage  cells  in  the  labor- 
atory, and  thus  to  get  over  this  difficulty. 

*  A  Terj  unsatitfactory  experiment  with  the  magneto  at  a  speed  of  about  400 
Tihrationa  per  second  gaTe,  as  the  value  of  A,  1*26  x  10-^. 
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The  magneto  arrangement,  however,  on  account  of  the  faci- 
lities for  changing  the  speed,  was  found  admirably  adapted  for 
confirming  the  supposition  that  the  obser>'ed  deviation  from 
Ohm's  Law  is  due  to  "  heating  effects,"  for  the  de\iation  always 
tended  to  disappear  as  the  speed  of  contact-breaking  was 
gradually  inci*eased ;  also  for  investigating  the  manner  in  which 
the  minimum  value  of  "A"  obtainable  varies  with  the  speed 
of  contact-breaking.  This  was  found  to  be,  approximately 
inversely  as  the  square  of  the  speed. 
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ON  THE  THEEMODTNAfflC  PROPERTIES  OF  SUBSTANCES 
WHOSE  INTRINSIC  EQUATION  IS  A  LINEAR  FUNCTION 
OF  THE  PRESSURE  AND  TEMPERATURE 

[From  the  Froceedinga  of  th$  Royal  Society.    ReceiTad  January  11,  1887.] 

Professob  Ramsay  has  communicated  to  me  that  he  and 
Mr.  Young  have  found  that  within  wide  limits  several  sub- 
stances in  the  liquid  and  gaseous  states  have  the  following 
relation  connecting  their  pressure  (p),  temperature  (T),  and 

specific  volume  (v), 

p  =  aT  +  J, 

where  a  and  b  are  functions  of  v  only. 

Now  in  this  case  the  following  are  the  forms  that  the 
thermodynamic  equations  assume.  T  is  temperature,  and  ^ 
is  entropy,  and  c  and  e  are  functions  to  be  investigated,  c  being 
"  rfl/dT,  where  I  is  the  internal  energy,  and  e  «  dl/dv. 

Then 

Trf^  -cdT  +  (e  +  j9)dp. 

From  this,  as  deldT  =  dc/dv,  we  have  dp/dT  =  (e  +J3)/T. 

But  dp/dT  -  a  by  the  intrinsic  equation,  and  is  a  function 
of  V  only ;  .*.  c  =  -  6,  which  is  a  function  of  v  only ;  .-.  de/dT  «  0; 
.*.  dc/dv  =  0 ;  .*.  is  c  a  function  of  T  only,  and  dl  =  cdT  -{-  edv 
gives 

I-=/cdT  +  /cdi;  =  y  +  A, 

where  7  is  a  function  of  temperature  only,  and  A  a  function  of 
volume  only. 
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Similarly,  Trf^  -  cdT  +  aTdo ; 

c       - 


*    ^"["Y""*"^*^*'' 


where  r  is  a  function  of  temperature  and  a  of  volume  only. 

Hence  we  see  that  c,  the  specific  heat  at  a  constant  volume, 
is  a  function  of  the  temperature  only,  and  the  internal  energy 
and  the  entropy  can  be  expressed  as  the  sums  of  two  functions, 
one  a  function  of  the  temperature  only,  and  the  other  of  the 
volume  only. 

For  the  specific  heat  at  constant  pressure  we  have 


c  +  aT.=r^^ 


Ta'  +  r 
where  a'  «=  da/dv        and        b'  -  db/'dv ; 


/.    C  -  c  .  - 


Ta'  +  y 


In  the  case  of  the  particular  values  of  a  and  b  that  Professor 
Bamsay  has  suggested  to  me,  when  the  intrinsic  equation  assumes 
the  form 

RT       M 


P 


r  -  r«     c»* 


'0 


and  when  consequently 


R  L  /* 

a  » ,  '^  "  "  IJ» 

r-  To  r" 


we  have  « /nr*, 
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(n-l)M 


and  I  -  7  - 


^N-l 


C-c- 


^-r  +  Rlog(r-r,), 

TR« 


TR  -  n/i  (r  -  i^o)' «^* 


It  would  be  most  important  if  by  some  method,  Ecenigs* 
for  instance,  or  by  inserting  a  small  microphone  into  a  tube, 
the  velocity  of  sound  in  substances  in  various  states  could 
be  accurately  determined,  as  that  would  enable  us  to  determine 
C  and  c  respectively. 
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CLAXJSIXJS'  FORMULA  FOR  THE  CHANGE  OF  STATE 
FROM  LIQUID  TO  GAS  APPLIED  TO  MESSRS.  RAMSAY 
AND  YOUNG'S  OBSERVATIONS  ON  ALCOHOL 

[From  the  Froeeedings  of  the  H'tyal  Soci$ttf.     Received  March  14,  1887.] 

Clausius,  in  Wiedemann's  "Annalen,"  vol.  14,  1881,  pp.  279- 
290,  and  "Phil.  Mag.,"  vol.  12,  1881,  p.  381,  and  vol.  13, 1882, 
p.  132,  has  given  an  empirical  formula  for  calculating  the 
relation  between  the  volume,  pressure,  and  temperature  of  a 
substance  in  both  liquid  and  gaseous  states.  The  equation  he 
gives  is  a  continuous  one  for  an  isothennal,  and  he  determines 
the  pressure  at  which  evaporation  takes  place  by  considering 
that  the  work  done  in  the  transformation  from  liquid  to  gas  at 
a  constant  pressure  must  be  equal  to  what  would  be  done  if  the 
transformation  took  place  along  the  continuous  isothermal.  He 
requires,  for  convenience  in  applying  this  to  actual  cases,  to 
calculate  the  values  of  certain  rather  complicated  exponential 
functions,  and  has  published  tables  of  their  values  which  greatly 
facilitate  the  work  of  comparing  his  formula  with  observations 
of  vapour-pressures  at  different  temperatures.  He  has  compai'ed 
his  formula  with  detenuinations  of  vapour  pressure,  etc.,  by 
Andrews  and  Regnault  of  carbon  dioxide,  and  by  Eegnault  and 
Sajotschewsky  of  ether,  and  with  Regnault's  experiments  on 
water,  and  has  shown  that  they  agree  very  well.  He  has  also, 
by  help  of  his  formula,  calculated  the  critical  temperature  for 
water,  and  finds  it  to  be  about  332**  C,  and  the  critical  pressure 
to  be  134  atmospheres. 

p 
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Professor  Samsay  has  kindly  furnished  me  with  his  and 
Mr.  Young's  observations  on  alcohol,  and  I  have  compared 
them  with  Clausius'  formula,  with  which  they  agree  very 
well. 

The  formula  Clausius  has  given  may  be  described  as  fol- 
lows : — 

The  relation  connecting  the  volume,  pressure,  and  temper- 
ature of  a  substance  can  be  expressed  by  the  formula 

p         I  1 


RT     v-a     e(t?+/3)* 

In  this  R,  o,  and  /3  are  constants  for  each  substance,  p  is  the 
pressure,  v  the  specific  volume,  T  the  absolute  temperature,  and 
6  is  a  function  of  the  temperature  which  vanishes  with  T,  and 
for  which  Clausius  has  given  the  formula* 


i.(i.»)@"-i, 


in  which  h  and  n  are  constants  for  any  one  substance,  and  T^ 
and  Qe  the  values  of  T  and  6  at  the  critical  temperature. 

From  a  consideration  of  the  isothermals  represented  by 
Clausius'  formiila  it  is  easy  to  show  that  the  critical  isothermal, 
for  which  two  of  the  tangents  parallel  to  the  axis  from  which 
pressures  are  measured  coincide,  gives 

e.        » 


27(a  +  /3) 

As  the  combination  o  +  /3  occurs  frequently,  Clausius  denotes 
it  by  y.  He  expresses  the  specific  volumes  of  the  saturated 
liquid  and  gas  by  a  and  s,  and  uses  w  and  W  for  a  -  a  and  «  -  a 
respectively.  He  also  uses  the  s)Tnbol  H  »  P/ET  where  P  is 
the  saturated  vapour-pressure,  and  subscribes  c  (thus  He)  to 

*  There  it  a  mispriDt  of  —  for  — '  on  the  laat  line  of  the  text,  fonnuU  7.  of 
p.  135  of  Ckuaius*  eecoDd  Paper  in  the  *'  Phil.  Mag.,"  toI.  13. 
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express  the  value  of  any  of  tJiese  quantities  at  the  ciitical 
point    Hence  we  get 

1  ™ 

I  have  assumed  as  the  result  of  observation  that  Tc  «  516*5 
and  Pe  =  49,000  mm.  This  latter  value  is  probably  a  little  too 
large ;  but,  as  there  seems  some  uncertainty  as  to  its  value  from 
the  experiments,  from  which  it  is  very  difficult  to  approximate 
accurately  to  the  actual  position  of  the  critical  point,  I  have 
thought  this  value  sufficiently  accurate.  I  have  calculated  the 
result  of  making  changes  in  this  value,  and  any  variation  within 
limits  allowable  by  the  experiments  does  not  materially  affect 
my  results. 

The  values  of  these  constants  for  alcohol  as  determined 
from  the  observations  are 

R  «  1351-35, 


T.  = 

516-5, 

P. - 

49,000, 

a  +  ^=  7- 

1-780, 

We-W,-27» 

3-560, 

87 

007023. 

e  -  ^  - 
®*  -  277 

0-1664, 

l^ 

0-9118, 

n  -        1-3462. 

I  have  found  that  constant  values  for  a  and  /3  do  not  satisfy 
the  observations  accui*ately,  and  that  a  varies  from  1087  at  0**  C. 
to  0184  at  240°  C,  as  I  explain  further  on.  I  calculated  b  and 
71  so  as  to  make  the  saturated  vapour-tensions  correct  at  0°  C. 
and  100°  C.     The  process  of  calculation  I  adopted  was  to 

p  2 
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ealculate  n/IIe,  at  lO""  C,  and  100''  C,  and  then  from  Claosius' 
tables  obtain  the  corresponding  values  of  G/G^.  This  gave  two 
equations,  to  determine  b  and  n  by  means  of 

Ge/G  -  (1  +  JXTc/T)»  -  6, 
the  equation  for  n  being 


This  was  solved  by  trial  and  error  and  then  h  calculated. 
Having  determined  h  and  w,  the  value  of  8/9c  for  any  temper- 
ature may  be  easily  calculated,  and  thence  the  corresponding 
values  of  n/Ilc,  W/W^,  and  witoe  obtained  by  interpolation 
from  Clausius'  tables.  From  these  P,  W,  and  w  are  calculated 
and  compared  with  observation.  It  is  from  this  comparison 
of  w  with  the  volume  of  the  liquid  at  various  temperatures 
and  pressures  that  it  is  evident  that  a  is  not  constant,  for 
the  difference  between  vj  calculated  and  a  as  observed  is  by 
no  means  so. 

The  following  table  exhibits  some  of  my  results : — 


(TC. 

100°  c. 

200°  C. 

840°  C. 

242-5-  C. 

248-5°  C. 

P  obterred     .    .    . 

12-24 

1695 

22434 

46339 

— 

P  calculated        .     . 

12-24 

1695        22106 

46172 

— 

49000 

W 

30-210 

284-5 

1909 

5-43 

4-26 

3-66 

« 

29046 

284-4 

19-85 

5-83 

4-62 

— 

w 

0-177 

0*389 

1-003 

2-43 

2-99 

3-66 

«• 

1-264 

1-390 

1-796 

2-614 

2-925 

— 

^  —  IT  =  a       .     .     . 

1-037 

1-001       0-793 

0-184 

-0065 

1 

In  some  of  these  cases,  as  for  example  for  W  at  O''  C,  it  iii 
very  difficult  to  interpolate  accurately  into  Clausius'  tables ;  and 
similarly  for  the  values  of  lo  near  the  critical  point;  and  I 
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consequently  do  not  attribute  much  accuracy  to  these  value& 
On  the  whole,  however,  I  think  that,  considering  the  enormous 
range  of  values  to  be  represented  by  the  formula,  it  is  most 
remarkably  accurate.  When  we  compare  the  calculated  and 
observed  volumes  of  the  liquid,  in  which  case  a  is  of  importance, 
we  find  that  no  constant  value  for  a  can  make  them  agree,  for  a 
obWously  diminishes  with  increased  temperature,  and  near  the 
critical  point  the  value  of  a  for  the  liquid  and  gaseous  states  is 
not  the  same.  All  this  means  of  course  that  Clausius*  formula 
does  not  apply  accurately  to  the  case  of  alcohol 

Clausius  has  not,  as  far  as  I  can  find,  applied  his  formula 
to  calculate  the  volumes  of  liquids,  and  without  doing  so  the 
want  of  constancy  in  a  would  not  appreciably  affect  the  result 
Messrs.  Eamsay  and  Young  have  made  observations  of  the 
volume  of  the  liquid  at  various  temperatures  and  pressures, 
and  I  have  compared  some  of  their  results  with  the  formula. 
In  this  way  it  can  be  seen  that  a  must  be  made  a  function  of 
the  pressure  as  well  as  of  the  temperature.  I  have  calculated 
the  values  oi  v  -  a  al  certain  temperatures  and  pressures,  and 
find  at  1 10^  C. 


1  KBSSUaB 

2362 

60,000 

f  -  0  (calculated)   .... 

0*409 

0*383 

V  (observed) 

1-417 

1-3925 

a......... 

1-008 

1-0096 

At  200*  C. 


1 

Pressvrx 

22,484 

60,000 

V  "  a  (calculated)   .... 

1-003 

0*858 

r  (observed) 

1-793 

1-720 

a., 

0-793 

0-862 
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At  240'  C. 


Pebssukb 

47»600 

60,000 

f  -  a  (etlculatad)  .... 

2  166 

1-641 

« (obtenred) 

2-468 

2169 

a*.«««.««« 

0-298 

0-528 

From  this  it  is  evident  that  a  diminishes  with  increased 
temperature,  and  increases  with  increased  pressure. 

Notwithstanding  this,  that  Clausius'  formula  does  not  at  all 
accurately  represent  the  state  of  the  liquid,  there  is  no  doubt 
that  it  gives  a  wonderfully  accurate  general  representation  of 
the  more  important  features  of  the  change  of  state.  In  this 
respect  it  is  of  enormously  higher  value  than  the  formulee  that 
only  give  the  relations  connecting  the  temperature  and  pressure 
of  saturated  vapours.  In  addition  to  this,  which  it  certainly 
gives  in  a  rather  complicated  way,  it  gives  the  state  of  the 
liquid  and  gas  before  and  after  as  well  as  during  evaporation^ 
and  enables  us  to  calculate  points  on  the  theoretical  continuous 
isothermal  connecting  the  liquid  and  gaseous  states.  I  have 
calculated  enough  of  these  points  to  roughly  sketch  in  these 
curves  that  cannot  be  made  the  subjects  of  experimental  in- 
vestigation by  the  usual  methods,  owing  to  the  instability  of 
the  states  they  represent. 

Clausius'  equation  may  be  put  into  the  following  form  by 
assuming  j^/RT  »  y,  and  v  -  a  »  x : — 


e 


From  this  it  is  evident  that  an  isothermal  is  a  quartic  curve 
having  asymptotes  y  =  0,  a;  -  0,  and  x  +  7  a  double  asymptote 
at  a  cusp  at  infinity,  so  that  the  point  at  infinity  on  this  line  is 
a  multiple  point  of  a  high  order. 

If  we  calculate  the  positions  of  the  points  of  tangency  of 
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tangents  parallel  to  y  -  0,  for  which  consequentlj  dyjdx  «  0,  we 
have  the  cubic  equation 


when  two  of  ite  roots  ai^e  equal  9e  - 


\8_ 
277' 


and  this   deter- 


mines the  critical  isothermal.  The  quartic  consists  of  three 
branches.  One,  a  serpentine  branch,  lies  in  the  positive  region 
of  X  and  mostly  of  y,  and  is  the  only  bmnch  of  physical  interest 
at  present.  The  other  two  branches  lie  entirely  in  the  negative 
region  of  x  and  y.  One  of  these  is  somewhat  parabolic,  and  lies 
between  a;  =  0  and  x^~y  asymptotic  to  both  of  them,  the  other 
is  hyperbolic  and  asymptotic  to  a;  -  -  7  and  to  y  »  0.  The 
always  real  solution  of  the  cubic,  that  determines  the  points 
where  dyldx^O  for  positive  values  of  8  and  7,  is  a  point  on 
the  parabolic  branch  of  the  curve  that  lies  between  a?  «  0  and 
a:  =  -  7.  The  other  two  roots,  when  real,  determine  the  highest 
and  lowest  points  on  the  serpentine  part  of  the  curve  that 
lies  in  the  positive  region  of  x. 
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The  above  diagram  represents  the  general  features  of  this 
class  of  curve.    It  is  the  particular  case  of  the  quartic 

(L  +  aUf  (M»  -  LN)  -  JLM», 


where  L,  M,  and  N  are  lines,  of  which  M  is  here  the  line  infinity 
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and  L  and  N  are  at  right  angles.  In  the  general  case  Uiis 
quartic  is  a  continuous  curve  with  a  cusp  at  the  intersection  <rf 
L  and  M,  and  L  +  aM  as  the  cuspidal  tangent,  while  L  is  a 
tangent  to  another  branch  tliat  passes  through  the  same  point 
In  our  case  its  general  features  are  something  like  this. 


L 


^■MMk«MMMMMMMMaM«HMMrUMiaMMii 


Jb'xo.  2. — (ieneial  J^'eature  iJiagraDi. 

There  is  generally  a  double  inflexion  in  the  part  of  the 
curv^e  outside  the  triangle  L,  M,  N  and  the  particular  one  of 
a  series  of  such  curves  for  which  the  two  inflexional  tangents 
coincide  is  what  corresponds  to  the  critical  isothermal  in  a  gas. 
It  is  only  what  conesponds  to  the  part  outside  the  triangle 
that  is  of  physical  interest. 

In  the  particular*  case  of  the  curves  representing  the  iso- 
thermals  of  alcohol,  the  negative  parts  of  the  curve  lie  at  a 
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very  great  distance  from  the  origin  compared  with  the  dimen- 
sions of  the  serpentine  part  of  the  positive  branch,  so  that  it 
is  not  easy  to  represent  them  both  in  the  same  figure.  I  have 
calculated  several  points  on  the  isotheimals  corresponding  to 
110^  C,  207-5^  C,  and  243-5°  C.     207-5^  C.  is  the  isothermal 


r" 


V9I 


■TV! 


1 


/■ 


•<^r 


/•' 


>io.  3. 


that  just  touches  y  -  0,  while  2435®  C.  is  the  critical  isothermaL 
The  dotted  lines  represent  the  saturated  vapour-tensions  for 
which  the  areas  included  in  the  loops  of  the  curv^e  above  and 
below  are  equal.  Tlie  points  numbered  1,  2,  3,  4  are  specially 
noticeable  points  on  the  curves,  so  numbered  in  the  general 
feature  diagrams. 

The  isothermal  110°  C.  goes  down  at  the  point  1  entirely 
outside   the  diagiam   to  a  pressure  of  -  246,800  mm.,  and 
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intersects  its  vapour  pressure  line  outside  the  diagram  to  the 
right  at  a  volume  of  206.  The  negative  parabolic  branch  of 
this  isothermal  only  comes  up  at  the  point  3  to  a  pressure  of 
-  4,442,000  mm.,  while  the  corresponding  points  of  207*5*  C. 
and  243-5^  C.  come  only  to  -  4,044,000  mm.  and  -  2,743,000  mm., 
so  that  they  are  very  far  off.  In  the  isothermal  207*5**  C.  the 
point  4  lies  at  about  a;  -  -  32,  /?  -  -  32,000,  so  that  it  is  not 
very  far  off. 

What  strikes  me  as  most  remarkable  about  these  curves^ 
and  other  than  what  one  might  have  expected,  is  the  very 
great  distance  to  which  the  point  1  descends  at  ordinary 
temperatures.  It  would  be  interesting  to  compare  the  forms 
of  these  parts  of  the  curve  for  several  liquids,  and  see  whether 
there  was  any  connexion  between  it  and  the  capillarity. 
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ON  THE  MEASUREMENT  OF  SMALL  PRESSURES 

[Conjointly  with  Professor  J.  Joly,  ScD.,  F.R.8.    From  the  Seunt\fie  Froeiidingi^ 
ofth$  JRoyal  DMin  Society.    Head  April  18,  1888.] 

The  difficulty  in  measuring  small  pressures  is  not  on  account  of 
the  smallness  of  the  forces  concerned:  a  pressure  of  the  millionth 
of  an  atmosphere  is  about  the  weight  of  a  milligram  per  sq.  cm., 
and  this  on  any  considerable  area  is  quite  a  large  force  compared 
with  the  weights  measured  every  day  in  balances.  The  diffi- 
culty arises  from  it  being  so  hard  to  make  the  surface  pressed 
on  freely  movable.  We  may  use  fluids  in  tubes — ^in  horizontal 
or  nearly  horizontal  tubes,  for  instance — but  the  sticking  of  the 
surface  of  the  liquid  and  the  tube,  due  to  capillarity,  which 
becomes  serious  on  account  of  the  necessity  for  using  small 
tubes,  if  the  liquid  is  to  stand  with  free  surfaces  nearly  at  right 
angles  to  the  tube,  when  it  is  nearly  horizontal,  has  seriously 
interfered  with  this  method  of  observation.  Herr  Toppler  has 
recently  used  a  liquid  in  the  bend  of  a  tube  bent  at  a  very 
obtuse  angle,  and  has  observed  the  motion  of  the  surface  by 
means  of  a  microscope.  This  method  seems  capable  of  con- 
siderable accuracy.  The  capillary  sticking  might  be  entirely 
obviated  by  making  the  tube  large.  To  whatever  extent  it 
exists  it  would  generally  diminish  the  effect  of  pressure,  and 
its  irregularity  of  action  would  introduce  an  unnecessary  un- 
certainty into  the  measurement.  In  the  case  of  water,  the 
difference  of  level  due  to  a  pressure  of  the  millionth  of  an 
atmosphere  is  the  hundredth  of  a  mm.,  an  amount  that  can 
be  easily  measured  by  means  of  a  microscope.    A  float  on  the 
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surface  with  a  fine  mark  attached  would  be  a  convenient  object 
to  observe  with  the  microscope.  The  difficulty  in  this  case  is  to 
keep  the  float  steady,  but  it  could  probably  be  anchored  at  the 
junction  of  two  crossed  spider  lines,  or  by  suspending  part  of 
its  weight  by  a  stretched  spider  line.  With  a  pretty  laige 
float — and  there  is  no  reason  in  many  cases  why  it  should  not 
be  large — there  would  be  plenty  of  force  to  turn  a  light  mirror; 
and  so  a  spot  of  light,  instead  of  a  microscope,  might  be  used  to 
observe  clianges  in  the  level  of  the  liquid.  A  method  depending 
on  changes  in  the  position  of  Newton's  rings  might  also  be  used. 
In  all  methods  when  liquids  are  used,  the  vapoiu:  pressiure  of  the 
liquid  is  one  of  the  great  difficulties  in  measuring  the  pressure 
of  the  rest  of*  the  gas,  and  can  only  be  reduced  by  using  liquids 
that  have  a  very  small  vapour  pressure.  In  some  cases  we  can 
practically  get  rid  of  it  by  only  opening  temporary  communi- 
cation between  our  measuring  apparatus  and  the  gas,  whose 
pressure  we  wish  to  detennine,  and  not  allowing  time  for  any 
serious  amount  of  diffusion  to  take  place.  At  very  low  pressures, 
as  the  flow  of  gas  through  even  relatively  large  tubes  is  of  the 
nature  of  diffusion,  a  great  additional  difficulty  is  introduced. 

Another  method  of  measuring  very  small  pressures  is  to 
observe  the  position  of  the  centre  of  a  flat  elastic  membrane 
when  subject  to  a  difference  of  pressure  at  its  opposite  surfaces. 
A  flat  film  of  indiarubber,  such  as  is  used  in  toy  balloons, 
stretched  across  a  circle  5  cm.  in  diameter,  can  easily  show, 
when  observed  by  a  microscope,  a  difference  of  pressure  of  the 
millionth  of  an  atmosphere.  The  very  smallest  difference  of 
pressure  will  move  a  flat  film,  and  thin  flat  films  of  glass  can 
be  made  which  can  be  moved  by  very  small  pressures.  There  is 
an  objection  to  using  inextensible  films  like  glass  because  of  the 
uncertainty  as  to  what  point  moves  most,  but  there  is  a  great 
advantage  in  their  non-liability  to  diffusion  or  evaporation,  both 
of  which  faults  exist  in  indiarubber  films.  We  have  not  made 
sufficient  experiments  on  glass  films  to  speak  with  any  degree  of 
confidence  as  to  their  being  capable  of  measuring  such  small 
pressures  as  the  millionth  of  an  atmosphere.     If  a  lens  were 
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placed  near  them,  and  displacements  of  Newton's  rings  observed, 
it  seems  most  likely  that  a  very  much  less  pressure  could  be 
detected.  Of  course  soap-bubble  films  might  in  some  cases  be 
employed,  though  they  are  liable  to  all  the  faults  of  indiarubber 
films,  and  to  others  of  their  own,  such  as  the  difficulty  of  attach- 
ing a  suitable  pointer  to  be  >dewed  through  the  microscope,  their 
want  of  permanence,  especially  if  vertical,  and  the  danger  of 
dust,  liquid,  etc.,  deflecting  them  if  they  are  horizontal  An 
aneroid  barometer  is  practically  a  film  such  as  we  are  suggesting, 
and  one  on  a  large  scale  observed  with  a  powerful  microscope 
would  probably  be  a  very  efficient  measurer  of  small  changes  of 
pressure.  A  film  of  this  kind,  which  had  sufficiently  little 
rigidity  to  be  deflected  by  a  very  small  change  of  pressure, 
would  not,  in  general,  be  strong  enough  to  support  high 
pressures,  and  if  a  column  of  liquid  be  added  on  top  of  it  to 
assist  it,  the  surface  may  not  be  in  stable  equilibrium.  For 
instance,  if  it  is  attempted  to  get  over  the  difficulty  of  the 
evolution  of  hydrocarbons  by  indiarubber,  and  the  facility  it 
ofiFers  for  diffusion,  by  pouring  a  liquid  on  top  of  the  film  and 
increasing  the  air  pressure  below,  so  as  to  keep  the  film  flat, 
it  will  be  found  that  the  film  is  no  longer  stable,  but  buckles 
up  in  some  places  and  down  in  others.  If  the  pressure  below 
be  not  sufficient,  the  liquid  gradually  extends  the  indiarubber 
imtil  it  bursts  it.  By  choosing  the  right  pressure  for  the  air 
below,  it  would  be  possible  to  have  the  film  just  near  the  point 
of  neutral  equilibrium,  and  then  any  very  small  change  in  the 
pressure  would  make  a  considerable  one  in  the  position  of  the 
film.  Stretched  films  of  indiarubber  are,  however,  a  nuisance 
to  work  with,  they  tire  so  rapidly. 

A  third  method  of  measuring  small  pressures  accurately  is 
by  a  plan  whicli  is  practically  the  same  as  the  balanced  baio- 
meter  tube.  If  a  bell  glass  be  turned  over  into  a  liquid,  any 
small  change  of  pressure  in  the  air  inside  produces  a  corre- 
sponding force  on  the  glass,  and  if  it  be  attached  to  a  balance 
this  change  in  pressure  may  he  readily  weighed.  As  this 
pressure  varies  as  the  area  of  the  surface  of  liquid  enclosed. 
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•and  the  capillarity  only  varies  as  its  perimeter,  by  making  the 
vessel  large  the  relative  effect  of  capillarity  may  be  made  very 
small  The  only  difficulty  in  this  method  arises  from  the  very 
small  range  of  motion  of  the  suspended  vessel  In  the  case 
of  water  being  the  liquid,  the  motion  of  the  suspended  vessel 
would  only  be  the  hundredth  of  a  millimetre  for  the  millionth 
of  an  atmosphere ;  but  this  should  be  quite  easily  detected 
by  means  of  a  microscope,  or  a  moveable  mirror,  or  Newton's 
rings.  This  method  is  liable  to  the  objection  that  a  liquid  with 
«  possible,  though  perhaps  small,  vapour  pressure  is  present 
Another  objection  to  liquids  which  have  necessarily  horizontal 
surfaces  is  the  danger  of  their  absorbing  gases  superficially,  and 
so  changing  in  density.  The  only  one  of  these  methods  that  is 
quite  free  from  all  these  objections  is  the  one  depending  on  the 
use  of  large,  flat,  thin  glass  or  metal  films. 

There  are  several  uses  to  which  these  methods  of  measuring 
small  pressures  may  be  put.  One  of  the  most  important  is  the 
determination  of  the  densities  of  gases  by  balancing  columns 
of  them  against  one  another.  This  method  of  measuring  the 
density  is  quite  independent  of  condensation  of  the  gas  upon 
surfaces,  which  introduces  such  difficulties  into  balloon  and  dis- 
placement methods.  Mr.  Joly  has  suggested  it  as  a  method  of 
measuring  high  temperatures,  by  measuring  the  density  of  a 
known  column  of  air  heated  to  the  high  temperature.  For 
these  purposes,  the  indiarubber  film,  we  believe,  can  be  got  to 
work  satisfactorily.  It  need  only  be  used  as  an  indicator,  to 
show  when  the  pressures  on  its  two  faces  are  equal  The 
change  in  pressure  can  be  measured  by  a  known  small  com- 
pression of  the  air  at  one  of  its  faces.  ^Ix.  Joly  has  made 
some  experiments  on  the  possibility  of  using  a  horizontal 
column  of  dusty  air  as  an  indicator  to  show  whether  two 
columns  of  gas  balance  one  another,  but  his  results  were  not 
very  encouraging.  This  method,  or  one  depending  on  the 
blowing  about  of  fine  fibres,  such  as  silk,  cobwebs,  etc.,  is, 
however,  we  believe,  capable  of  being  used  to  determine  when 
the  pressures  in  two  vessels  are  exactly  equal. 
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One  of  the  most  desired  measiiring  instruments  at  present  is 
one  by  which  it  may  be  possible  to  measure  very  small  pressures 
axjcurately  when  the  total  pressure  is  very  small.  The  M'Leod 
^uge  is  almost  the  only  apparatus  at  present  in  use  for  this 
purpose.  It  has  obvious  objections.  It  is  doubtful  what  exactly 
its  indications  mean.  To  what  extent  is  there  condensation  of 
gas  on  the  surfaces  ?  To  what  extent  does  the  mercury  vapour 
condense  ?  The  presence  of  other  condensible  gases  is  fatal  to 
its  indications. 

Some  apparatus  such  as  we  have  sketched  out  might  be 
used  instead  of  the  M'Leod  gauge ;  but,  of  course,  none  of  them 
can  ever  tell  us  when  we  have  attained  to  a  perfect  vacuimL 
We  must  be  content  to  compare  pressures  with  that  in  some 
standard  vacuum:  it  is  evidently  impossible  by  any  methods 
such  as  we  have  been  proposing  ever  to  measure  absolute 
pressure ;  we  can  only  by  these  means  measure  differences  of 
pressure,  and  so  we  can  only  compare  one  vacuum  with  some 
standard  vacuum,  such  as  a  potash  vacuum,  which  we  pro- 
visionally take  as  a  standard. 

NoTB. — During  the  discussion  on  this  Paper,  Mr.  Yereker  suggested  mica  as  a 
auitable  substance  of  which  to  construct  films. 
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ENGINEERING    SCHOOLS 
[Fnmi  Naitfr$f  August  2,  1888.] 

At  a  time  when  so  much  is  being  said  about  the  need  for 
technical  education,  especially  in  engineering,  the  following 
letter  will  be  read  with  interest: — 

Engineebing  School, 

Trikity  College,  Dublin, 
June,  1888. 

Dear  Lord  Ashbourne — As  you  have  requested  me  to 
draw  up  a  statement  of  the  claims  of*engineering  schools  to 
be  recognized  by  the  Civil  Service  Commissioners  as  affording 
part  at  least  of  the  technical  training  required  of  candidates 
for  engineering  Civil  Service  appointments,  I  send  you  the 
following  account. 

Allow  me,  in  the  fii-st  place,  to  state  that  I  am  not  advocating 
the  claims  of  our  Engineering  School  here  as  in  any  way  distinct 
from  that  of  many  other  excellent  engineering  schools  that  exist. 
For  instance,  the  Indian  Government  is  so  fully  convinced  of 
the  absolute  necessity  for  a  proper  technical  school  training  for 
engineer  that  it  requires  all  candidates  for  Indian  engineering 
appointments  to  go  through  Cooper's  Hill  Engineering  School ; 
and  yet  the  Home  Civil  Service  do  not  in  any  way  even  recog- 
nize the  very  same  technical  training  given  to  other  students 
who  stay  at  home  as  of  any  value  at  all. 
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The  instruction  given  in  engineering  schools  is  of  two 
kinds : — 

I.  Lectures  and  demonstrations  in  mathematics,  mechanics, 
physics,  chemistry,  geology,  etc. ;  and  in  the  theory  and  practice 
of  engineering,  surveying,  etc.,  etc. 

II.  Practical  training — 

(a)  Practical  work  in  laboratories  and  workshops,  in 
mechanics,  machines,  physics,  chemistry,  and  field- 
work  in  geology. 

(J)  Drawing  and  office  work,  including  designing,  making 
out  specifications,  taking  out  quantities,  etc.,  etc. 

(c)  Practical  surveying,  and  all  manner  of  field  work. 

(d)  Inspection  of  works  in  progress. 

It  will  be  observed  what  a  large  and  important  part  of  the 
training  given  in  a  school  cannot  be  obtained  in  an  office  at 
all.  All  the  instruction  in  mathematics,  mechanics,  physics, 
chemistry,  geology,  etc.,  and  in  the  theory  of  engineering,  and 
all  the  important  practical  laboratory  training  in  these  subjects, 
can  only  be  obtained  in  a  school ;  and  imless  an  engineer  has 
been  properly  oxiA.  practically  taught  these  things  before  entering 
on  his  profession,  it  is  almost  certain  that  he  will  never  learn 
them.  In  the  other,  more  especially  engineering,  parts  of  the 
course,  there  are  several  great  advantages  in  the  school  course 
over  the  office  course.  In  the  school,  in  the  first  place,  the 
student  is  under  the  constant  instruction  of  teachers  whose 
time  is  devoted  to  instructing  the  student,  and  explaining  to 
him  the  principles  upon  which  his  work  depends ;  and,  in  the 
second  place,  the  course  of  instruction  covers  as  wide  a  range  of 
subjects  as  is  consistent  with  teaching  each  properly.  In  the 
office,  in  the  first  place,  the  apprentice  has  to  pick  up  what 
instruction  he  can,  and  is  generally  content  with  a  rule-of- 
thumb  knowledge,  that  may  desert  him  at  any  really  critical 
juncture ;  and,  in  the  second  place,  in  any  one  office  the  work  is 
yearly  becoming  more  specialized,  so  that  an  apprentice  will 
have  experience  of  only  a  small  range  of  subjects,  and,  not 
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being  acquainted  with  the  theory  of  even  these,  will  be  incom- 
petent to  engage  in  other  work. 

There  are,  of  course,  certain  things  such  as  facility  in 
numerical  calculation,  and  perhaps  in  the  use  of  field-instru- 
ments, acquaintance  with  the  details  of  specifications  with  a 
particular  class  of  work,  familiarity  with  prices  at  a  particular 
time,  and  an  opportunity  of  seeing  designs  carried  into  execution, 
which  cannot  be  as  well  obtained  in  school  as  on  works.  The 
object  of  a  school  being  to  teach,  and  of  works  being  to  pay, 
neither  can  completely  supply  the  place  of  the  other.  As  a 
course  of  technical  tiaining  for  a  young  engineer,  the  school 
course  is  out  of  all  proportion  the  more  important.  What  can 
be  learnt  from  the  office  course  will  certainly  be  acquired,  while 
what  can  be  learnt  from  the  school  course  will  hardly  ever  be 
acquired  unless  learnt  before  beginning  the  practice  of  his 
profession.  In  this  age  of  technical  education  it  is  practically 
certain  that  in  a  few  years  no  engineer  will  be  recognized  as 
such  unless  he  has  had  a  proper  technical  school  education ;  just 
as  in  the  medical  profession  it  has  long  ago  been  recognized 
that,  without  a  proper  medical  school  education,  it  is  impossible 
for  a  doctor  to  learn  the  many  sciences  upon  which  the  suc- 
cessful practice  of  his  profession  necessarily  depends. 

Eminent  engineers  who  have  had  experience  of  students 
taught  in  engineering  schools  hold  opiuious  similar  to  those  here 
enimciated.  Our  late  Professor  of  Engineering,  Mr.  Crawford, 
whose  engineering  experience  is  world-wide,  is  of  this  opinion. 
Mr.  Bindon  B.  Stoney,  Engineer  to  the  Dublin  Port  and  Docks 
Board,  is  of  the  same  opinion.  Both  these  have  had  experience 
of  school-trained  students,  and  think  that  the  proper  course 
for  a  young  engineer  to  pursue  is  to  go  through  a  course  of 
instruction  in  a  properly-equipped  school,  and  then  to  go  for  a 
year  on  works.  They  consider  that  a  year  on  works  is  required 
to  complete  the  education  of  an  engineer,  and  they  think  that  a 
short  time  on  works  is  quite  sufficient  for  a  student  who  has 
already  gone  through  an  engineering  school.  Mr.  Stoney,  for 
instance,  takes  students  who  have  been  through  an  engineering 
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school  as  apprentices  for  one  year,  although  he  will  not  take 
untrained  apprentices  for  so  short  a  term. 

Foreign  Grovemments  in  general  require  all  who  profess  to 
practise  as  engineers  to  go  through  a  proper  technical  school 
training;  and  it  is  a  serious  difficulty  in  the  way  of  English 
engineers  who  endeavour  to  obtain  employment  on  the  Continent 
that,  even  though  they  may  have  been  trained  in  an  excellent 
school,  yet  this  is  not  recognized  by  foreign  GovemmentBy 
because  our  engineering  schools  are  in  no  way  recognized  by 
our  own  Government 

The  Civil  Service  Commissioners  should  endeavour  to  en- 
courage the  proper  scientific  training  of  the  engineers  they 
receive  into  the  public  service ;  and  they  can  do  so  by  recog- 
nizing the  years  spent  in  an  engineering  school  as  equivalent 
to  the  same  number  of  years  of  the  technical  training  that  is 
now  required.  In  the  more  important  appointments,  which  at 
present  require  five  years'  technical  training,  the  candidate 
would  have  to  supplement  his  school  course  by  an  office  course 
of  at  least  two  years;  and  this,  in  the  opinion  of  eminent 
engineers,  as  quoted  above,  would  be  amply  sufficient  In  the 
case  of  the  less  important  appointments,  the  school  training  is 
probably  much  better  than  what  satisfies  the  Conunissioners  at 
present ;  but  if  it  is  thought  that  the  special  qualifications  of 
an  office-trained  apprentice  are  essential,  they  can  be  easily 
secured  by  requiring  in  every  case  at  least  one  year's  office 
experience. 

The  Ci\'il  Service  Commissioners  should,  before  recognizing 
any  engineering  school  as  giving  the  instruction  qualifying  a 
candidate  to  compete  for  an  appointment,  inspect  the  school, 
and  see  that  it  is  properly  equipped,  and  has  the  means  and 
teachers  required  to  teach  what  it  professes.  For  instance,  in 
some  schools  there  is  no  special  instruction  in  architecture ;  and 
this  special  teaching  should  be  required  of  any  school  that  was 
recognized  as  qualifying  candidates  for  specially  architectural 
appointments.  Similarly,  in  the  case  of  mechanical  engineering, 
some  schools  have  not  the  means  of  teaching  it  properly ;  and 
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these  schools  should  not  be  recognized  as  qualifying  candidates 
for  specially  mechanical  engineering  appointments.  A  school 
that  teaches  civil  engineering  should  be  recognized  as  such,  and 
only  as  such ;  and  similarly,  one  that  only  teaches  mechanical 
engineering  should  be  recognized  only  as  such.  In  the  case  of 
medical  appointments,  the  State  recognition  of  schools  is  already 
fully  carried  out,  so  that  there  can  be  no  insuperable  difficulty 
in  doing  the  same  in  the  case  of  the  engineering  appointments. 

K  the  Civil  Service  Commissioners  require  further  infor- 
mation as  to  the  instruction  imparted  in  engineering  schools,  it 
would  be  well  for  them  to  inspect  University  College,  London, 
the  City  and  Guilds  of  London  Institute,  and  Cooper's  ELill,  all 
of  which  are  easy  of  access  from  London.  And  if  they  require 
further  information  they  had  better  appoint  some  competent 
Committee  to  inspect  and  report  to  them  generally  as  to  the 
training  given  in  engineering  schools,  and  as  to  whether  they 
give  a  technical  training  that  the  Civil  Service  Commissioners 
would  recognize  as  equivalent  to  some  years  spent  in  an  office ; 
and,  if  not,  how  the  schools  should  modify  their  courses  so  as  to 
give  this  instruction.  Statements  as  to  the  nature  and  value  of 
instruction,  made  by  those  interested  in  it  and  responsible  for  it, 
are  not  so  valuable  as  independent  testimony. 

In  conclusion,  I  would  earnestly  press  upon  the  Civil 
Service  Commissioners  the  very  great  desirability  of  their 
encouraging  scientifically  trained  candidates  to  apply  for  ap- 
pointments in  the  Civil  Service.  The  application  of  scientific 
principles  to  engineering  is  the  special  feature  of  our  age,  and 
instruction  in  these  principles,  and  practical  training  in  their 
application,  should  be  part  of  the  training  of  every  engineer; 
and  this  can  only  be  acquired  in  a  properly  equipped  school. 
A  want  of  familiarity  with  details  will  surely  be  remedied,  but 
a  want  of  scientific  knowledge  will  be  a  lasting  cause  of  danger 
to  the  public. 

Yours  very  truly, 

George  Francis  Frrz  Gerald. 
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ADDEESS    TO    THE     MATHEMATICAX     AND    PHYSICAL 
SECTION   OF  THE   BRITISH   ASSOCIATION 

[From  the  lUport  of  the  British  Attociatum  for  th$  AdtMnutnent 

ofScietice,  1888.] 

The  British  Association  in  Bath,  and  especially  we  here  in 
Section  A,  have  to  deplore  a  very  great  loss.  We  confidently 
anticipated  profit  and  pleasure  from  the  presence  in  this  chair 
of  one  of  the  leading  spirits  of  English  science,  Dr.  Schuster. 
We  deplore  the  loss  and  we  deplore  the  cause  of  it.  It  is 
always  sad  when  want  of  strength  makes  the  independent 
dependent,  and  it  is  doubly  sad  when  a  life's  work  is  thereby 
delayed ;  and  to  selfish  humanity  it  is  trebly  sad  when,  as  in 
this  case,  we  ourselves  are  involved  in  the  loss.  And  our  loss 
is  great.  Dr.  Schuster  has  been  investigating  some  very  im- 
portant questions.  He  has  been  studying  electric  discharges 
in  gases,  and  he  has  been  investigating  the  probably  allied 
question  of  the  variations  of  terrestrial  magnetism.  We  anti- 
cipated his  matured  pronouncements  upon  these  subjects,  and 
also  the  advantage  of  his  very  wide  general  information  upon 
physical  questions,  and  the  benefit  of  his  judicial  mind  while 
presiding  here. 

As  to  myself,  his  substitute,  I  cannot  express  how  much 
gratified  I  feel  at  the  distinguished  honour  done  me  in  asking 
me  to  preside.  It  has  been  one  of  the  ambitions  of  my  life  to  be 
worthy  of  it,  and  I  will  do  my  best  to  deserve  your  confidence; 
man  can  do  no  more,  and  upon  such  a  subject  "  the  less  said  the 
soonest  mended." 

I  suppose  most  former  occupants  of  this  chair  have  looked 
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over  the  addresses  of  their  predecessors  to  see  what  sort  of  a 
thing  was  expected  from  them.  I  find  that  very  few  had  the 
courage  to  deliver  no  address.  Most  have  devoted  themselves 
to  broad  general  questions,  such  as  the  relations  of  mathematics 
to  physics,  or  more  generally  of  deductive  to  inductive  science. 
On  the  other  hand,  several  have  dealt  each  with  his  own 
speciality.  On  looking  back  over  these  addresses  my  attention 
was  specially  arrested  by  the  first  two  past  presidents  of  this 
section,  whose  bodily  presence  we  cannot  have  here.  They 
were  presidents  of  Section  A  in  consecutive  years.  In  1874 
Provost  Jellett  occupied  this  chair,  and  in  1875  Professor 
Balfour  Stewart  occupied  it.  Both  have  gone  from  us  since  the 
last  meeting  of  this  association.  Each  gave  a  characteristic 
address.  The  Provost,  with  the  clearness  and  brilliancy  that 
distinguished  his  great  intellect,  plunged  through  the  deep  and 
broad  question  surrounding  the  mechanism  of  the  universe,  and 
with  impassioned  earnestness  claimed  on  behalf  of  science  the 
right  to  prosecute  its  investigations  until  it  attains,  if  it  ever 
does  attain,  to  a  mechanical  explanation  of  all  things.  This 
intrepid  honesty  to  carry  to  their  utmost  the  principles  of 
whose  truth  he  was  convinced,  the  utter  abhorrence  of  the 
shadow  of  double  dealing  with  truth,  was  eminently  character- 
istic of  one  whom  all,  but  especially  we  of  Trinity  College, 
Dublin,  will  long  miss  as  a  lofty  example  of  the  highest  intel- 
lectual keenness  and  honesty,  and^mourn  as  the  truest-hearted 
friend,  full  of  sympathy  and  Christian  charity.  In  1875  Pro- 
fessor Stewart  gave  us  a  striking  example  of  the  other  class 
of  address,  in  a  splendid  exposition  of  the  subject  he  did  so 
much  to  advance,  namely,  solar  physics.  He  brought  together 
from  the  two  great  storehouses  of  his  information  and  speculation 
a  brilliant  store,  and  displayed  them  here  for  the  advancement 
of  science.  Him,  too,  all  science  mourns.  Though,  from  want 
of  personal  acquaintance,  I  am  unequal  to  the  task  of  bringing 
before  you  his  many  abilities  and  great  character,  you  can  each 
compose  a  fitting  epitaph  for  this  well-known  great  one  of 
British  science.     In  this  connexion  I  am  only  expressing  what 
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we  all  feel  when  I  say  how  well  timed  was  the  i-oyal  bounty 
recently  extended  to  his  widow.  At  the  same  the  niggardly 
recognition  of  science  by  the  public  is  a  disgrace  to  the  en- 
lightenment of  the  nineteenth  centur)%  What  chancellor  or 
general  with  his  tens  of  thousands  has  done  that  for  his  country 
and  mankind  that  Faraday,  Darwin,  and  Pasteur  have  done? 
The  "public"  now  are  but  the  children  of  those  who  murdered- 
Socrates,  tolerated  the  persecution  of  Galileo,  and  deserted 
Columbus. 

In  a  presidential  address  on  the  borderlands  of  the  known, 
delivered  from  this  chair,  the  great  Clerk  Maxwell  spoke  of  as 
an  undecided  question  whether  electromagnetic  phenomena  are 
due  to  a  direct  action  at  a  distance  or  are  due  to  the  action  of 
an  intervening  medium.  The  year  1888  will  be  ever  memorable 
as  the  year  in  which  this  great  question  has  been  experimentally 
decided  by  Hertz  in  Germany,  and,  I  hope,  by  others  in  England. 
It  has  been  decided  in  favour  of  the  hypothesis  that  these  actions 
take  place  by  means  of  an  intervening  medium.  Although 
there  is  nothing  new  about  the  question,  and  although  most 
workers  at  it  have  long  been  practically  satisfied  that  electro- 
magnetic actions  are  due  to  an  intervening  medium,  I  have 
thought  it  worth  while  to  try  and  explain  to  others  who  may 
not  have  considered  the  problem,  what  the  problem  is  and  how 
it  has  been  solved.  A  presidential  address  such  as  this  is  not 
for  specialists ;  it  is  for  the  whole  section ;  and  I  would  not 
have  thought  of  dealing  with  this  subject  only  that  its  imme- 
diate consequences  reach  to  all  the  bounds  of  physical  science, 
and  are  of  interest  to  all  its  students. 

We  are  all  familiar  with  this,  that  when  we  do  not  know  all 
about  something  there  are  generally  a  variety  of  explanations  of 
what  we  do  know.  Whether  there  is  anything  of  which  there 
are  in  reality  a  variety  of  explanations  is  a  deep  question  which 
some  have  connected  with  the  Freedom  of  the  Will,  but  which 
I  am  not  concerned  with  here.  A  notable  example  of  the 
possibility  of  a  variety  of  explanations  for  us  is  recorded  in 
connexion  with   an  incident   said  to  have   occurred  in   the 
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neighbouring  town  of  Clifton,  where  a  remarkable  meteorological 
phenomenon,  as  it  appeared  to  an  observing  sdentist^  was 
explained  by  others  as  a  bull's-eye  lantern  in  the  hands  of 
Mr.  Pickwick.  Another  kind  of  example  is  the  old  explanation 
of  water  rising  in  a  pump,  that  "  Nature  abhors  a  vacuum,*'  as 
compared  with  the  modem  one.  Nowadays,  when  we  know  as 
little  about  anything,  we  say, "  It  is  the  property  of  electricity 
to  attract."  This  is  really  little  or  no  advance  on  the  old  form, 
and  is  merely  a  way  of  stating  that  we  know  a  fact  but  not  its 
explanation.  There  are  plenty  of  cases  still  where  a  variety  of 
explanations  is  possible.  For  exsmtiple,  we  know  of  no  experi- 
merUum  cruets  to  decide  whether  the  people  I  see  around  me 
are  conscious  or  are  only  automata.  There  are  other  questions 
which  have  existed,  but  which  have  been  experimentally  decided. 
The  most  celebrated  of  these  are  the  questions  between  the 
caloric  and  kinetic  theories  of  heat,  and  between  the  emissioD 
and  undulatory  theories  of  light.  The  classical  experiments  by 
which  the  case  has  been  decided  in  favour  of  the  kinetic  theory 
of  heat  and  the  undulatoiy  theory  of  light  are  some  of  the 
most  important  experiments  that  have  ever  been  performed. 
It  was  shown  that  heat  disappeared  whenever  work  appeared, 
and  vice  versd^  and  so  the  caloric  hypothesis  was  disproved; 
when  it  was  shown  that  light  was  propagated  more  slowly  in  a 
dense  medium  than  in  a  rai^,  the  sciences  of  light  and  heat 
were  revolutionized.  Not  but  that  most  who  studied  the 
subject  had  given  their  adhesion  to  the  true  theory  before  it 
was  finally  decided  in  general  estimation.  In  fact,  Rumford's 
and  Davy's  experiments  on  heat,  and  Young's  and  Fresners 
experiments  on  light,  had  really  decided  these  questions  long 
before  the  erroneous  Wews  were  finally  abandoned. 

I  hope  that  science  will  not  be  so  slow  in  accepting  the  results 
of  experiment  in  respect  of  electromagnetism  as  it  was  in  the 
cases  of  light  and  heat.  Rowland's  experiment  proving  an  elec- 
tromagnetic action  between  electric  charges,  depending  on  their 
absolute  and  not  relative  velocities,  has  already  proved  the 
existence  of  a  medium  relative  to  which  the  motion  must  take 
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place ;  but  the  connexion  is  rather  metaphysical  and  is  too  in- 
direct to  attract  general  attention.  The  importance  of  the 
striking  experiments  was  that  they  put  the  language  of  the 
wrong  hypothesis  out  of  fashion.  Elementaiy  text-books  that 
halted  between  two  opinions,  and,  after  the  manner  of  text- 
books, leant  towards  that  enunciated  in  preceding  text-books, 
had  all  perforce  to  give  prominence  to  the  time  theory,  and  the 
whole  rising  generation  began  their  researches  from  a  firm 
and  true  standpoint.  I  anticipate  the  same  results  to  follow 
Hertz's  experimental  demonstration  of  a  medium  by  which 
electromagnetic  actions  are  produced.  Text-books  which  have 
gradually  been  invoking  lines  of  force,  in  some  respects  to  the 
aid  of  learners  and  in  others  to  their  bewilderment,  will  now 
fearlessly  discourse  of  the  stresses  in  the  ether  that  cause 
electric  and  magnetic  force.  The  yoimger  generation  will  see 
clearly  in  electromagnetic  phenomena  the  working  of  the 
aU-pervading  ether,  and  this  will  give  them  a  firm  and  true 
standpoint  for  further  advances. 

And  now  I  want  to  spend  a  short  time  in  explaining  to  you 
how  the  question  has  been  decided.  An  illustrative  example 
may  make  the  question  itself  clearer,  and  so  lead  you  to  under- 
stand the  answer  better.  In  colloquial  language  we  say  that 
balloons,  hot  air,  etc.,  rise  because  they  are  light.  In  old  times 
this  was  stated  more  explicitly,  and  therefore  much  more  clearly. 
It  was  said  that  they  possessed  a  quality  called  "levity." 
"Levity  was  opposed  to  heaviness."  Heaviness  made  things 
tend  downwards,  levity  made  things  tend  upwards.  It  was  a 
sort  of  action  at  a  distance.  At  least  it  would  have  required 
such  a  hypothesis  if  it  had  survived  until  it  was  known  that 
heaviness  was  due  to  the  action  of  the  earth.  I  expect  levity 
would  have  been  attributed  to  the  direct  action  of  heaven.  It 
was  comparatively  recently  in  the  history  of  mankind  that  the 
rising  of  hot  air,  flames,  etc.,  was  attributed  to  the  air.  Every- 
body knew  that  there  was  air,  but  it  was  not  supposed  that  the 
upward  motion  of  flames  was  due  to  it.  We  now  know  that 
this  and  the  rising  of  balloons  are  due  to  the  difference  of 
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pressure  at  different  levels  in  the  air.  In  a  similar  way  we 
have  long  known  that  there  is  an  ether,  an  all-pervading 
medium,  occupying  all  known  space.  Its  existence  is  a  neces- 
sary consequence  of  the  undulatory  theory  of  light.  People 
who  think  a  little  but  not  much  sometimes  ask  me, ''  Why  do 
you  believe  in  the  ether?  What's  the  good  of  it?"  I  ask 
them, "  What  becomes  of  light  for  the  eight  minutes  after  it 
has  left  the  Sun  and  before  it  reaches  the  Earth?"  When 
they  consider  that  they  observe  how  necessary  the  ether  is. 
If  light  took  no  time  to  come  from  the  Sun  there  would  be  no 
need  of  the  ether.  That  it  is  a  vibratory  phenomenon,  that  it 
is  affected  by  matter  it  acts  through — these  could  be  explained 
by  action  at  a  distance  very  welL  The  phenomena  of  inter- 
ference would,  however,  require  such  complicated  and  curious 
laws  of  action  at  a  distance  as  practically  to  put  such  a  hypo- 
thesis out  of  court  or  else  be  purely  mathematical  expressions 
for  wave-propagation.  In  fact,  anything  except  propagation  in 
time  is  explicable  by  action  at  a  distance.  It  is  the  same  in 
the  case  of  electromagnetic  cwtions.  There  were  two  hypothecs 
as  to  the  causes  of  electromagnetic  actions.  One  attributed 
electric  attraction  to  a  property  of  a  thing  called  electricity 
to  attract  at  a  distance,  the  other  attributed  it  to  a  pull 
exerted  by  means  of  the  ether  somewhat  in  the  way  that  air 
pushes  balloons  up.  We  do  not  know  what  the  structure  of 
the  ether  is  by  means  of  which  it  can  pull,  but  neither  do  we 
know  what  the  structure  of  a  piece  of  iudiarubber  is  by  means 
of  which  it  can  pull ;  and  we  might  as  well  ignore  the  india- 
rubber,  though  we  know  a  lot  about  the  laws  of  its  action, 
because  we  do  not  know  its  structure,  as  ignore  the  ether 
because  we  do  not  know  its  structure. 

Anyway,  what  was  wanted  was  an  experiment  to  decide 
between  the  h}Tpotheses  of  direct  action  at  a  distance  and 
of  action  by  means  of  a  medium.  At  the  time  that  Clerk 
Maxwell  delivered  his  address  no  experiment  was  known 
that  could  decide  belween  the  two  hypotheses.  Specific  in- 
ductive capacity,  the  action  of  intervening  matter,  the  delay 
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in  telegraphing,  the  time  propagation  of  electromagnetic  actions 
by  means  of  conducting  material — these  were  known,  but  he 
knew  that  they  could  be  explained  by  means  of  action  at  a 
distance,  and  had  been  so  explained.  Waves  in  a  conductor 
do  not  necessarily  postulate  action  through  a  medium  such 
as  the  ether.  When  we  are  dealing  with  a  conductor  and 
a  thing  called  electricity  running  over  its  surface,  we  are  of 
course  postulating  a  medium  on  or  in  the  conductor,  but  not 
outside  it,  which  is  the  special  point  at  issue.  Clerk  Maxwell 
believed  that  just  as  the  same  air  that  transmits  sound  is  able 
by  differences  of  pressure — i.  c,  by  means  of  its  energy  per  unit 
volume — to  move  bodies  immersed  in  it,  so  the  same  ether 
that  transmits  light  causes  electrified  bodies  to  move  by  means 
of  its  energy  per  unit  volume.  He  believed  this ;  but  there  was 
no  experiment  then  known  to  decide  between  this  hypothesis 
and  that  of  direct  action  at  a  distance.  As  I  have  endeavoured 
to  impress  upon  you,  no  expcrimcrUurri  crucis  between  the  hypo- 
theses is  possible  except  an  experiment  proving  propagation  in 
time,  either  directly,  or  indirectly  by  an  experiment  exhibiting 
phenomena  like  those  of  the  interference  of  light.  A  theorist 
may  speak  of  propagation  of  actions  in  time  without  talking  of 
a  medium.  This  is  all  very  well  in  mathematical  formulae ;  but 
as  in  the  case  of  light,  we  must  consider  what  becomes  of  it  after 
if  has  left  the  Sun  and  before  it  reaches  the  Earth,  so  every 
hypothesis  assuming  action  in  time  really  postulates  a  medium 
whether  we  talk  about  it  or  not.  There  are  some  difficulties 
surrounding  the  complete  interpretation  of  some  of  Hertz's 
experiments.  The  conditions  are  complicated,  but  I  confidently 
expect  that  they  will  lead  to  a  decision  on  most  of  the  outstand- 
ing questions  on  the  theory  of  electromagnetic  action.  However, 
there  is  no  doubt  that  he  has  observed  the  interference  of 
electromagnetic  waves  quite  analogous  to  those  of  light,  and 
that  he  has  proved  that  electromagnetic  actions  are  propagated 
in  air  with  the  velocity  of  light.  By  a  beautiful  device  Hertz 
has  produced  rapidly  alternating  currents  of  such  frequency 
that  their  wave-length  is  only  about  two  metres.    I  may  pause 
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for  a  minute  to  call  your  attention  to  what  that  means.  These 
waves  are  propagated  three  hundred  thousand  kilometres  in  a 
second.  If  they  vibrated  three  hundred  thousand  times  a  seoond 
the  waves  would  be  each  a  kilometre  long.  This  rate  of  vibration 
is  much  higher  than  the  highest  audible  note,  and  yet  the  waves 
are  much  too  long  to  be  manageable.  We  want  a  vibration 
about  a  thousand  times  as  fast  again,  with  waves  about  a  metre 
long.  Hertz  produced  such  vibrations,  vibrating  more  than  a 
hundred  million  times  a  second.  That  is,  there  are  as  many 
vibrations  in  one  second  as  there  are  seconds — ^in  a  day  ?  No, 
far  more.  In  a  week  ?  No,  more  even  than  that  The  pen* 
dulum  of  a  clock  ticking  seconds  would  have  to  vibrate  for 
four  months  before  it  would  vibrate  as  often  as  one  of  Hertz's 
vibrators  vibrates  in  one  second.  And  how  did  he  detect  the 
vibrations  and  their  interference  ?  He  could  not  see  them;  they 
are  much  too  slow  for  that ;  they  should  go  about  a  million  times 
as  fast  again  to  be  visible.  He  could  not  hear  them ;  they  are 
much  too  quick  for  that.  If  they  went  a  million  times  more 
slowly  they  would  be  well  heard.  He  made  use  of  the  principle 
of  resonance.  You  all  understand  how  by  a  succession  of  well- 
timed  small  impulses  a  large  vibration  may  be  set  up.  It 
explains  many  things,  from  speech  to  spectrum  analysis.  It  is 
related  that  a  foi-mer  Marquess  of  Waterford  used  the  principle 
to  overturn  lamp-posts ;  his  ambition  soared  above  knocker- 
wrenching.  So  that  it  is  a  principle  known  to  others  besides 
scientific  men.  Hertz  constructed  a  circuit  whose  period  of 
vibration  for  electric  currents  was  the  same  as  that  of  his 
generating  \^brator,  and  he  was  able  to  see  sparks,  due  to  the 
induced  \ibration,  leaping  across  a  small  air-space  in  this 
resonant  circuit.  The  well-timed  electrical  impulses  broke  down 
the  air-resistance  just  as  those  of  my  Lord  of  Waterford  broke 
down  the  lamp-post. 

The  combination  of  a  vibrating  generating  circuit  with  a 
resonant  receiving  circuit  is  one  that  I  spoke  of,  at  the  meet- 
ing of  the  British  Association  at  Southport,*  as  one  by  which 

[♦  In  1883 ;  No.  27,  9upra,'\ 
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this  very  question  might  be  studied.  At  the  time  I  did  not 
see  any  feasible  way  of  detecting  the  induced  resonance;  I 
did  not  anticipate  that  it  could  produce  sparks.  By  its  means, 
however,  Hertz  has  been  able  to  observe  the  interference  between 
waves  incident  on  a  wall  and  the  reflected  waves.  He  placed 
his  generating  v-ibrator  several  wave-lengths  away  from  a  wall, 
and  placed  the  receiving  resonant  circuit  between  the  generator 
and  the  wall ;  and  in  this  air-space  he  was  able  to  observe  that 
at  some  points  there  were  hardly  any  induced  sparks,  but  at 
other  and  greater  distances  from  his  generator  they  reappeared, 
to  disappear  again  in  regular  succession  at  equal  intervals, 
between  his  generator  and  the  wall  It  is  exactly  the  same 
phenomenon  as  what  are  known  as  Lloyd's  bands  in  optics, 
which  are  due  to  the  interference  between  a  direct  and  a 
reflected  wave.  It  follows  hence  that,  just  as  Young's  and 
FresneFs  researches  on  the  interference  of  light  prove  the 
undulatory  theory  of  optics,  so  Hertz's  experiment  proves  the 
ethereal  theory  of  electromagnetism.  It  is  a  splendid  result 
Henceforth  I  hope  no  learner  will  fail  to  be  impressed  with 
the  theory — ^hypothesis  no  longer — that  electrom^netic  actions 
are  due  to  a  medium  pervading  all  known  space,  and  that  it  is 
the  same  medium  as  the  one  by  which  light  is  propagated ;  that 
non-conductors  can,  and  probably  always  do,  as  Professor 
Poynting  has  taught  us,  transmit  eleectromagnetic  energy.  By 
means  of  variable  currents  energy  is  propagated  into  space  with 
the  velocity  of  light.  The  rotation  of  the  earth  is  being  slowly 
stopped  by  the  diurnal  rotation  of  its  magnetic  poles.  This 
seems  a  hopeful  direction  in  which  to  look  for  an  explanation  of 
the  secular  precession  of  terrestrial  magnetism.  It  is  quite 
different  from  Edlund's  curious  hypothesis  that  free  space  is  a 
perfect  conductor.  If  that  were  true,  there  would  be  a  pair 
of  great  antipoles  outside  the  air,  and  terrestrial  magnetism 
would  not  be  much  like  what  it  is,  and  I  think  the  earth 
would  have  stopped  rotating  long  ago.  With  alternating 
currents  we  do  propagate  (energy  through  non-conductors.  It 
seems  almost  as  if  our  future  telegraph  cables  would  be  pipes. 
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Just  as  the  long  sound-waves  in  speaking  tubes  go  round 
comers,  so  these  electromagnetic  waves  go  round  comers  if  thejr 
are  not  too  sharp.  Professor  Lodge  will  probably  have  something 
to  tell  us  on  this  point  in  connexion  with  lightning  conductors. 
The  silvered-glass  bars  used  by  surgeons  to  conduct  light  are 
exactly  what  I  am  describing.  They  are  of  glass,  a  non- 
conducting, and  therefore  transparent,  bar  surrounded  by  a 
conducting,  and  therefore  opaque,  silver  sheath;  and  they 
transmit  the  rapidly  alternating  currents  we  call  light. 

There  would  not  be  the  same  difficulty  in  utilising  the  energy 
of  these  electromagnetic  waves  as  in  utilising  radiant  heat 
Having  all  the  vibrations  of  the  same  period  we  might  utilise 
Hertz's  resonating  circuits ;  and  in  any  case  the  second  law  of 
thermodynamics  would  not  trouble  us  when  we  could  practi- 
cally attain  to  the  absolute  zero  of  these,  as  compared  with  heat, 
long  period  vibrations. 

We  seem  to  be  approaching  a  theory  as  to  the  structure  of 
the  ether.  There  are  difficulties  from  diffusion  in  the  simple 
theory  that  it  is  a  fluid  full  of  motion,  a  sort  of  vortex  sponge. 
There  were  similar  difficulties  in  the  wave-theory  of  light 
owing  to  wave-propagation  round  comei-s ;  and  there  is  as  great 
a  difficulty  in  the  jelly  theory  of  the  ether  arising  from  the 
freedom  of  motion  of  matter  through  it.  It  may  be  found  that 
there  is  diffusion ;  or  it  may  be  found  that  there  are  polarized 
distributions  of  fluid  kinetic  energ}'  which  are  not  unstable 
when  the  surfaces  are  fixed, — more  than  one  such  is  known. 
Osborne  Reynolds  has  pointed  out  another,  though  in  my  opinion 
less  hopeful,  direction  in  which  to  look  for  a  theory  of  the  ether. 
Hard  particles  are  abominations.  Perhaps  the  impenetrability 
of  a  vortex  would  suffice.  Oliver  Lodge  speaks  confidently  of  a 
sort  of  chemical  union  of  two  opposite  kinds  of  elements  forming 
the  ether.  The  opposite  side  of  a  vortex  ring  might  perchance 
suit ;  or  maybe  the  ether,  after  all,  is  but  an  atmosphere  of  some 
infra-hydrogen  element :  these  two  latter  hypotheses  may  both 
come  to  the  same  thing.  Anyway  we  are  learning  daily  what 
sort  of  properties  the  ether  must  have.    It  must  be  the  means 
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of  propagation  of  light ;  it  miist  be  the  means  by  which  electric 
and  magnetic  forces  exist ;  it  should  explain  chemical  actions 
and,  if  possible,  gravity. 

On  the  vortex-sponge  theory  of  the  ether  there  is  no  real 
difficulty,  by  reason  of  complexity,  why  it  should  not  explain 
chemical  actions.  In  fact,  there  is  every  reason  to  expect  that 
very  much  more  complex  actions  would  take  place  at  distances 
comparable  with  the  size  of  the  vortices,  than  at  the  distances 
at  which  we  study  the  simple  phenomena  of  electromagnetism. 
Indeed,  if  vortices  can  make  a  small  piece  of  a  strong  elastic 
solid,  we  can  make  watches  and  build  steam  engines  and  any 
amoimt  of  complex  machinery,  so  that  complexity  can  be  no 
essential  difficulty.  Similarly,  the  instantaneous  propagation  of 
gravity,  if  it  exists,  is  not  an  essential  difficulty,  for  vortices 
each  occupy  all  space,  and  they  act  on  one  another  simul- 
taneously everywhere.  The  theory  that  material  atoms  are 
simple  vortex  rings  in  a  perfect  liquid  otherwise  unmoving  is 
insufficient,  but  with  the  innumerable  possibilities  of  fluid  motion 
it  seems  almost  impossible  but  that  an  explanation  of  the 
properties  of  the  universe  will  be  foimd  in  this  conception. 
Anything  purporting  to  be  an  explanation  foimded  on  such 
ideas  as  "  an  inherent  property  of  matter  to  attract,"  or  building 
up  big  elastic  solids  out  of  little  ones,  is  not  of  the  nature  of  an 
ultimate  explanation  at  all ;  it  can  only  be  a  temporary  stopping 
place.  There  are  metaphysical  grounds,  too,  for  reducing  matter 
to  motion,  and  potential  to  kinetic  energy. 

These  ideas  are  not  new,  but  it  is  well  to  enunciate  them 
from  time  to  time,  and  a  presidential  address  in  Section  A  is  a 
fitting  time.  Besides  all  this  it  has  become  the  fashion  to 
indulge  in  quaint  cosmical  theories,  and  to  dilate  upon  them 
before  learned  societies  and  in  learned  journals.  I  would 
suggest,  as  one  who  has  been  bogged  in  this  quagmire,  that 
a  successor  in  this  chair  might  well  devote  himself  to  a  review 
of  the  cosmical  theories  propounded  within  the  last  few  years. 
The  opportunities  for  piquant  criticism  would  be  splendid. 

Betuming  to  the  sure  giound  of  experimental  research,  let 
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OS  for  a  moment  contemplate  what  is  betokened  by  this 
theory  that  in  electromagnetic  engines  we  are  using  as  our 
mechanism  the  ether,  the  medium  that  fills  all  known  space. 
It  was  a  great  step  in  human  progress  when  man  learnt  to  make 
material  machines,  when  he  used  the  elasticity  of  his  bow  and 
the  rigidity  of  his  arrow  to  provide  food  and  defeat  his  enemies. 
It  was  a  great  advance  when  he  learnt  to  use  the  chemical  action 
of  fire ;  when  he  learnt  to  use  water  to  float  his  boats  and  air  to 

At 

i  drive  them ;  when  he  used  artificial  selection  to  provide  himself 

«  with  food  and  domestic  animals.    For  two  himdred  years  he  has 

;  made  heat  his  slave  to  drive  his  machinery.    Fire,  water,  earth, 

1  and  air  have  long  been  his  slaves ;  but  it  is  only  within  the  last 

:  few  years  that  man  has  won  the  battle  lost  by  the  giants  of  old, 

9  has  snatched  the  thunderbolt  from  Jove  himself  and  enslaved 

\  the  all-pervading  ether. 

c 
c 

■ 
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TtXJDOLPH  JULIUS  EMMANUEL  CLAUSIUS 

[From  the  Obituary  Notices,  Firoeeedingi  of  the  Eoyal  Seeieip, 

Vol.  48,  1888.] 

Rudolf  Julius  Emmanuel  Clausius  was  bom  on  the  2nd 
January,  1822,  in  Coslin,  in  Pomerania.  He  was  the  sixth  son 
of  the  Rev.  C.  E.  G.  Clausius,  D.D.,  Councillor  of  the  Royal 
Government  School  Board,  and  later,  Superintendent  in 
Ueckermunde. 

After  the  completion  of  his  studies  in  the  Gymnasium  in 
Stettin,  he  attended  the  University  of  Berlin  from  1840  to  1844. 
In  the  Easter  of  1844  he  passed  his  examination  "  pro  facultate 
docendi,"  and  then  finished  his  year  of  probation  at  the  Frederic- 
Werder  Gymnasium,  Here  he  taught  the  higher  classes 
mathematics  and  physics.  In  the  autumn  of  1846  he  entered 
Boeck's  Royal  Seminar}^  for  higher  students.  On  the  15th  July, 
1848,  he  took  his  degree  in  Halle  "  eximia  cum  laude  "  (subject 
of  dissertation — "  De  iis  Atmosphaerae  Particulis  quibus  Lumen 
reflectitur").  On  the  25th  September,  1850,  he  was  invited  to 
be  Professor  of  Physics  in  the  Royal  Artillery  and  Engineering 
School  at  Berlin.  On  the  18th  December  he  delivered  his 
inaugural  lecture  as  docent  at  the  University  of  Berlin  ("  De  Motu 
Coi-porum  rotantium  in  Aere  resistente").  On  the  29th  August, 
1855,  he  was  called  to  be  Ordinary  Professor  in  the  Poly- 
technicum  in  Zurich,  and  also  at  the  same  time  in  the  UniveiBity 
of  Zurich.  In  1867  he  was  appointed  Professor  in  the  University 
of  WtLrzburg,  and  in  1869  he  went  to  Bonn,  where  he  fulfilled 
his  duties  till  the  day  of  his  death,  the  24th  August,  1888. 
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While  at  Zurich  he  married,  on  the  13th  November,  1859, 
Adelheid  Bimpam,  of  Brunswick.  They  had  six  children,  of 
whom  two  daughters  and  two  sons  are  alive.  His  wife  died  in 
1875,  and  he  married  again,  in  1886,  Sophie  Sack,  of  Essen,  by 
whom  he  had  one  son. 

His  brother,  Herr  Robert  Clausius,  thus  writes  of  the 
character  of  this  great  man  :— 

"  I  had  often  the  opportunity  of  admiring  the  rare  energy 
and  clearness  with  which,  in  a  small  study  and  with  limited 
means,  he  untiringly  pursued  his  gi-eat  scientific  aims.  A  chief 
characteristic  was  his  sincerity  and  fidelity.  Every  kind  of 
exaggeration  was  opposed  to  his  natui-e.  Even  as  a  youth  all 
intimate  with  him  learnt  to  esteem  his  reliability  and  truthful- 
ness. In  the  Gymnasium  and  in  all  circimistances  of  his  later 
life  the  greatest  confidence  and  trust  were  placed  in  him.  His 
judgment,  which  was  guided  by  the  strongest  feeling  of  rectitude, 
was  highly  valued.  Another  important  trait  was  his  unbending 
and  firm  faithfulness  to  duty,  to  which  he  was  true  in  all  affidrs 
of  life  up  to  his  death.  Even  on  his  last  bed  of  sickness  he 
held  an  examination.  He  was  the  best  and  most  affectionate 
of  fathers,  fully  entering  into  the  joys  of  his  children.  He 
himself  supervised  the  schoolwork  of  his  children.  He  was 
simple  and  natui^al  in  his  intercourse  and  possessed  of  a  rare 
modesty.  He  was  never  tired  of  sacrificing  himself  in  cases 
of  necessity,  and  though  immersed  in  abstract  studies  he  always 
kept  a  warm  heart  for  eveiything  human.  He  was  a  great, 
noble-minded,  good  man,  whom  all  who  knew  more  intimately 
have  loved  and  esteemed,  not  only  on  account  of  his  scientific 
celebrity  but  especially  on  account  of  his  noble,  manly  qualities. 

"His  bm*ning  patriotism  did  not  permit  him  to  stay  idle 
at  home  during  the  war  of  1870-1.  He  undertook  the  leader- 
ship of  an  ambulance  corps,  which  he  formed  of  Bonn  students. 
At  the  great  battles  of  Vionville  and  Gravelotte  he  helped  to 
carry  the  wounded  from  the  battle  and  to  lessen  their  sufferings. 
For  his  services  in  this  campaign  he  received  the  Iron  Cross. 
A  contusion  in  his  leg  which  he  received  on  the  field  of  battle 
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caused  him  great  pain  for  many  years  and  often  necessitated 
his  driving  to  his  lecturea  On  the  doctor's  advice,  at  the  age 
of  56  he  learnt  to  ride,  and  became  an  excellent  horseman. 
Hiding  proved  verj"  beneficial  to  his  health." 
One  of  his  sons  thus  writes  of  him : — 
"  The  principal  trait  in  my  father's  character  was,  without 
doubt,  the  splendid  truthfulness  of  his  nature.  In  his  deeds 
and  words  he  never  could  tolerate  anything  ambiguous,  and 
particularly  as  regards  himself  he  cherished  no  self-deception. 
For  that  reason  he  never  suflFered  from  the  discovery  of  the 
motives  of  his  actions;  from  thence  sprang  his  thoroughly 
noble  nature  as  well  as  his  great  modesty  and  the  delight 
which  he  always  felt,  and  was  never  too  proud  to  expi-ess,  at  the 
recognition  of  his  work ;  from  thence  his  dislike  to  all  smattering 
and  superficiality  in  which  he  suspected  some  untruthfulness. 
Another  remarkable  characteristic  was  the  uncommon  one  of 
seeing  only  the  best  side  of  his  neighbours.  He  liardly  noticed 
their  faults,  and  when  he  did  he  had  not  the  least  inclination 
to  cheap  mockery.  The  general  impression  which  he  received 
of  people  was  formed  from  the  more  or  less  strong  development 
of  their  good  qualities  and  was  little  dimmed  by  the  presence 
of  this  or  that  defect.  His  hearty,  pleasant,  always  thoroughly 
genuine  address  towards  everyone  was  the  result  of  this  trait. 
Only  when  he  discovered  untruthfulness  did  he  take  a  deep 
a.version." 

Clausius  i-eceived  the  following  ofiers  of  posts : — 
In  1858  to  the  Polytechnicon  of  Carlsruhe ;  in  1862  to  the 
Polytechnicum  of  Bnmswick ;  in  1866  to  Vienna ;  in  1868  to 
Jlimich ;  in  1871  to  Strasburg;  in  1883  to  Gcttingen. 
He  received  the  following  orders  and  titles : — 
When  Professor   in  Wiirzburg  he  was   appointed  Court 
Councillor;  in  1868,  as  Professor  in  Bonn,  he  was  appointed 
Privy  Councillor ;  in  1870  he  received  the  Huygens  Medal ;  in 
1871  the  Iron  Cross ;  in  1873  the  Order  of  the  Crown,  3rd  Class ; 
in  1879  the  Order  of  the  Eed  Eagle,  Si-d  Class,  and  the  Copley 
Medal ;  in  1881  he  was  named  OflScer  of  the  Legion  of  Honour ; 
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in  1882  he  was  appointed  Doctor  of  Medicine  honorU  eausd  in 
Wiirzbuig;  in  1883  he  received  the  Poncelet  prize;  in  1884 
the  Order  of  the  Prussian  Crown,  2nd  Class;  in  1885  the 
Bavarian  Maximilian  Order.  During  1884-5  he  was  Rector  of 
the  University  of  Bonn,  and  for  six  months  was  Curator  of  this 
University.  He  took  part  in  the  academic  education  of  Prince 
William,  afterwards  Emperor  of  Germany.  In  1887  he  was 
invited  to  be  one  of  the  Curators  of  the  New  Imperial  Physical 
and  Technical  Institution.  In  1888,  at  the  Investiture  of  the 
Order  for  Art  and  Science,  he  was  appointed  Hereditary 
Knight. 

He  received  the  following  honours  from  Learned  Societies : — 
In  1857  Hon.  Mem.  Harlem ;  in  1859  Hon.  Mem.  of  the 
Engineers  of  Scotland  and  Corresp.  Mem.  Erlangen;  in  1865 
Corresp.  Mem.  of  the  Institute  of  France ;  in  1866  Hon.  Mem. 
Frankfurt-am-Main,  and  Hon.  Mem.  Dublin  and  Corresp.  Mem. 
Gottingen ;  in  1868  Boyal  Soc.  Lend. ;  in  1869  Hon.  MenL  Nat 
His.  Soc.  Zurich  ;  in  1871  Elected  Mem.  Zurich  ;  in  1872 
Elected  Mem.  Pest ;  in  1873  Corresp.  Mem.  Bologna  and  Elected 
Hon.  Mem.  Boston ;  in  1875  Hon.  Mem.  Civil  Engin.  Lend., 
Elected  Corresp.  Mem.  Vienna,  and  Mem.  Brussels;  in  1876 
Corresp.  Mem.  Berne,  Society  of  Arts  Geneva,  and  Hon.  Mem. 
Nat.  Hist.  Soc.  Basel ;  in  1877  Elected  Mem.  Gottingen ;  in  1878 
Elected  Mem.  Stockholm,  Elected  Mem.  Naples  and  St.  Peters- 
burg ;  in  1879  Mem.  Halle  Natural  Hist.  Soc.  and  Elected  Mem. 
Ling. ;  in  1882  Corresp.  Mem.  Milan,  Corresp.  Mem.  Turin,  and 
Hon.  Mem.  Meeh.  Eng.  New  York;  in  1883  Elected  Mem. 
Washington,  Hon.  Mem.  Erlangen,  and  Foundation  Mem. 
Intemat.  Soc.  of  Electricians ;  in  1884  Corresp.  Mem.  Cherbourg 
and  Corresp.  Mem.  Lucca,  Hon.  Mem.  Manchester,  Mem. 
Amsterdam ;  in  1887  Hon.  Mem.  Brunswick,  Hon.  Mem. 
Hamburg,  Ordinary  Mem.  Upsala ;  in  1888  Mem.  Edin. 

In  his  scientific  work  Clausius  investigated  the  general 
mechanism  of  Nature  rather  than  particular  applications  of  the 
jHdnciples  he  discovered;  he  was  constructively  synthetical 
tti&m  than  analytical.    It  is  remarkable  how  he  was  led  by 
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dim  previsions,  as  when  his  theory  of  gases  influenced  his 
views  on  heat  when  his  gas  theory  was  yet  quite  imperfect ;  his 
greatest  work  is  grouped  round  his  insight  into  molecular 
structure.  The  other  great  branch  of  his  work  is  connected 
with  electromagnetic  theory.  As  in  the  theory  of  heat  he 
worked  from  the  theory  of  matter  to  the  theory  of  the  steam 
engine,  so  in  electromagnetism  he  worked  from  the  theory  of 
electromagnetic  actions  to  the  theory  of  its  industrial  application 
to  dynamos. 

Clausius'  first  publications  were  concerned  with  the  action 
of  atmospheric  dust  on  sunlight  This  seems  to  have  directed 
his  thoughts  to  molecular  physics,  which  was  indirectly  the 
foundation  of  his  greatest  work.  Thermodynamics  was  the 
r^on  he  explored,  and  his  exploration  was  guided  by  his 
insight  into  molecular  physics.  When  Clausius  was  beginning 
his  independent  activity  the  investigations  of  Eumford,  Davy, 
Mayer,  Joule,  and  Helmholtz  had  conclusively  shown  that 
heat  could  be  produced  from  work,  while  the  thermodynamic 
speculations  of  Camot,  founded  upon  the  assumed  indestruct- 
ability  of  caloric,  were  receiving  every  day  additional  confir- 
mation. There  was  an  obvious  difficulty  here  of  which  Camot 
himself  was  doubtless  aware.  Of  this  difficulty,  in  1849, 
Sir  William  Thomson  writes,  that  if  we  abandon  Camofs 
fundamental  axiom  "we  meet  with  innimierable  other  difficulties 
insuperable  without  further  investigation  and  an  entire  recon- 
struction of  the  theory  of  heat  from  its  foundations.  It  is,  in 
reality,  to  experiment  that  we  must  look,  either  for  a  verification 
of  Camot's  axiom  and  an  explanation  of  the  difficulty  we  have 
been  considering,  or  for  an  entirely  new  basis  of  the  theory  of 
heat." 

It  was  at  this  juncture  that  Clausius,  without  waiting  for 
additional  experiments,  read,  in  the  Berlin  Academy  on  the 
18th  February,  1850,  his  paper,  "  Ueber  die  bewegende  Kraft 
der  Warme,  und  die  Gesetze,  welche  sich  daraus  fiir  die 
Wannelehre  selbst  ableiten  lassen." 

Cainot  has  assumed  that  a  heat  engine  gave  out  the  same 
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heat  at  the  lower  temperature  as  it  took  in  at  the  higher, 
and  founded  Iiis  theory  on  this  assumption  and  upon  the 
impossibility  of  perpetual  motion.  Clausius,  in  the  first  place^ 
emphasised  that  the  heat  given  out  must  be  less  than  the  heat 
taken  in  by  an  amount  equivalent  to  the  work  done,  that  this 
was  required  by  the  First  Law  of  Thermodynamics,  the  equivalence 
of  Heat  and  Work.  Thus  modified,  Camot's  theorems  could  no 
longer  rely  for  their  proof  on  the  impossibility  of  perpetual 
motion,  and  it  was  Clausius'  great  discovery  to  found  Thermo- 
dynamics upon  the  New  Second  Law  of  Thermodynamics, 
**  That  heat  tends  to  flow  of  itself  from  hot  to  cold  bodies." 
On  these  foundations  Clausius  raised  again  the  theory  of 
Thermodynamics,  and  thenceforward  there  was  no  serious  doubt 
as  to  its  security.  Several  di£ferent  ways  of  stating  the  Second 
Law  of  Thermodynamics  have  been  advocated,  and  objections 
have  been  raised  to  each  of  them.  Of  these  things  Clerk 
Maxwell  writes  that  Clausius  "first  stated  the  principle  of 
Camot  in  a  manner  consistent  with  the  true  theory  of  heat" 
Of  the  varieties  of  statement  he  writes : — "  By  comparing 
together  these  statements  the  student  will  be  able  to  make 
himself  master  of  the  facts  which  they  embody,  an  acquisition 
which  will  be  of  much  greater  importance  to  him  than  any 
form  of  words  on  which  a  demonstration  may  be  more  or  less 
compactly  constructed." 

There  can  be  no  doubt  that  Clausius  was  the  first  to  throw 
a  clear  light  upon  the  then  dark  and  doubtful  foundations  of 
Camot's  theorem.  Sir  William  Thomson  writes  of  this  in  1851, 
"  the  merit  of  first  establishing  the  proposition  upon  correct 
principles  is  entirely  due  to  Clausius." 

As  Professor  Willard  Gibbs  says,  "  Eankine  was  attacking 
the  problem  in  his  own  way  with  one  of  those  marvellous 
creations  of  the  imagination  of  which  it  is  so  difficidt  to 
estimate  the  precise  value."  The  question  of  the  amount  of 
mechanical  efiect  to  be  derived  from  heat,  he  further  says,  "  was 
completely  answered,  on  its  theoretic  side,  in  the  memoir  of 
Clausius,  and  the  science  of  thermodynamics  came  into  exist- 
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enca*'  ''  It  might  be  said,  at  any  time,  since  the  publication  of 
that  memoir,  that  the  foundations  of  the  science  were  secure,  itd 
definitions  clear,  and  its  boundaries  distinct."  To  Clausius  then 
be  the  honour  of  making  a  science  of  Thermod}Tiamics. 

Clausius'  subsequent  work  in  this  line  consists  essentially 
in  working  out  the  results  of  the  law  he  discovered,  and  in 
investigating  its  foundations  on  general  dynamical  principles 
applied  to  molecular  physics.  In  working  out  the  results  of  his 
law  he  explored  in  two  directions.  He  applied  his  discovery 
to  work  out  the  theory  of  the  steam  engine,  and  of  many  known 
phenomena,  and  also  to  discover  properties  of  matter  revealed 
by  his  analysis.  This  latter  line  is  contiguous  with  his  exploration 
of  the  dynamical  foundations  of  the  theory  of  heat.  His  analysis 
revealed  the  existence  of  entropy  as  a  property  of  matter,  a 
property  for  which  mankind  has  no  sense,  such  as  exists  for 
feeling  temperature,  and  which  consequently  escapes  attention, 
and  is  most  difficult  of  apprehension ;  so  difficult,  indeed,  that 
although  fundamentally  as  important  as  temperature  in  the 
theory  of  steam  engines,  its  existence  is  ignored  by  all  except 
the  very  foremost  amongst  those  who  study  the  working  of  steam 
engines.  Clausius  has  left  little  to  be  done  in  the  theory  of 
heat  engines  except  to  work  out,  in  the  lines  he  has  laid  down, 
the  details  that  experiments  may  prove  to  be  most  important. 
Clausius  applied  his  theory  to  investigate  the  laws  of  specific 
and  latent  heat,  of  saturated  steam,  of  the  relations  of  heat  and 
electricity  in  conductors,  in  thermopiles,  and  in  electrolytes,  and 
to  the  laws  of  radiant  heat.  He  showed  that  radiant  heat  was 
no  exception  to  the  law  that  heat  flows  of  itself  from  hot  to  cold 
bodies,  and  so  proved  the  futility  of  the  ingenious  suggestion 
that  the  death  of  the  universe  by  the  degradation  of  energy 
might  be  avoided  by  the  reconcentration  of  heat  radiations  by 
reflection  from  the  confines  of  the  ether.  He  showed  that  the 
radiating  power  of  black  bodies  in  various  media  was  proportional 
to  the  square  of  the  refractive  index  of  the  medium,  which 
involves  a  corresponding  law  of  radiation  of  electromagnetic 
energy. 
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In  all  these  applications  his  attention  was  constantly 
directed  to  the  underlying  molecular  motions  which  explained 
the  phenomena  on  dynamical  principles.  It  was  in  this 
connexion  that  he  investigated  the  dynamical  foundations  of 
the  Second  Law  of  Thermodynamics  and  the  molecular  theory 
of  gases  and  of  electrolysis. 

In  quite  an  early  investigation  he  had  been  dominated  by 
the  conception  that  heat  in  a  body  can  be  considered  as 
separated  into  two  parts,  one  of  the  kinetic  energy  of  atoms, 
and  the  other  the  potential  energy  of  forces  between  atoma 
His  later  investigations  were  elaborations  of  these  conceptions 
by  the  application  of  statistical  methods,  and  by  mathematical 
analysis  of  the  highest  order.  He  showed  that  the  heat  in  a 
body  could  be  expressed  as  the  product  of  two  factors,  one 
proportional  to  the  mean  kinetic  energy  of  the  atoms,  and  the 
other  depending  on  the  mass,  velocity,  and  period  of  their 
motions.  These  factors  may  be  identified  with  temperature 
and  entropy,  and  so  furnish  a  dynamical  basis  for  the  theory  of 
heat.  Involved  in  these  investigations  was  the  Theorem  of  the 
Virial,  which  is  so  important  in  the  dynamics  of  stationary 
motion.  His  theory  is  in  accordance  with  much  that  we  know, 
though  it  neglects  radiation,  and  forces  between  molecides 
depending  on  their  motions  and  positions,  which  may  be 
systematically  different  before  and  after  collision.  With  the 
ether  among  the  molecules  it  is  almost  impossible  but  that  some 
such  forces  exist,  while  the  success  of  dynamical  theories  that 
neglect  them  seems  to  show  that  their  effect  cannot  be  very 
great. 

AVlule  Clausius  was  elaborating  these  general  residts,  he 
attacked  the  simpler  case  of  the  molecular  theory  of  gases. 
That  the  properties  of  gases  were  in  some  way  due  to  the 
motions  of  their  molecules  was  a  hypothesis  as  old  at  least  as 
Bernoulli,  but  it  was  Clausius  who  raised  it  to  the  rank  of  a 
theory,  and  he  has  been  described  by  Clerk  ilaxwell  as  the 
principal  founder  of  the  science.  He  showed  how  Boyle's  and 
Dalton's  Laws  followed  from  the  tlieory,  and  how  they  were 
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approximate ;  he  proved  the  existence  of  intramolecular  energy, 
and  the  necessity  for  Avogadro's  Law,  a^d  for  the  equality  of 
mean  energy  of  translation ;  and,  insisting  on  the  necessity  for 
two  atoms  in  a  molecule,  hastened  the  advent  of  the  change 
in  atomic  weights  which  chemists  were  adopting;  he  investigated 
the  length  of  the  mean  free  path  of  a  molecule,  and  the  ratee 
of  diffusion  and  conductivity  of  heat  in  gases. 

In  connexion  with  the  molecular  theory  of  matter,  Clausius 
had,  as  early  as  1851,  investigated  some  of  the  laws  of  evaporation, 
and  had  shown  that  the  law  of  corresponding  temperatures  that 
Groshans  modified  from  Dalton  involved  the  law  that  at  any 
given  pressure  the  latent  heat  of  vaporisation  per  imit  volume 
of  many  substances  was  the  same.  After  Van  der  Waals' 
memorable  paper  on  the  continuity  of  the  liquid  and  gaseous 
states,  Clausius  published  an  elaborate  investigation  of  this 
subject,  in  which  he  developed  the  application  of  a  rather 
complicated  formula,  and  showed  that  it  represented  the 
experiments  throughout  an  enormous  range  with  wonderful 
accuracy.  There  is  a  measui'able  departure  from  the  law  in 
calculating  the  compressibility  of  the  liquids.  To  facilitate  the 
application  of  this  formula,  Clausius  invented  and  calculated  t^e 
values  of  a  special  transcendental. 

Electricity  and  magnetism  attracted  Clausius'  attention  from 
time  to  time,  at  first  in  connexion  with  heat  and  molecular 
physics,  and  afterwards  with  reference  to  the  theory  of  electro- 
kinetic  actions.  In  1858,  he  developed  the  theory  that  the 
molecules  in  electrolytes  are  continually  interchanging  atoms, 
and  that  the  effect  of  electric  foi-ce  is  to  direct  the  interchange 
and  not  to  cause  it.  It  seems,  however,  possible  that  as  synchro- 
nous systems  near  the  solar  system  might  break  it  up,  while 
asynchronous  ones  might  not,  so  a  polarization  of  the  atomic 
motions  in  a  liquid  might  residt  in  a  proportionate  breaking  up 
of  the  molecules  which  before  this  introduced  regularity  wwe 
stable.  In  reply  to  Hittorf's  objection  that  gases  should  obey 
Ohm's  Law,  Clausius  answered  that  there  were  too  few  molecules. 
This  can  hardly  be  considered  conclusive  in  presence  of  electro- 
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lytic  conduction  in  very  dilute  aqueous  solutions.  His  theoij, 
however,  explains  almost  all  the  known  facts  of  electrolysis,  and 
has  been  extended  by  others  to  explain  many  other  phenomena 
with  most  remarkable  success.  He  investigated  electric  osmosiB, 
and  hints  that  it  is  produced  by  electric  forces  due  to  charges 
over  the  surfaces  of  the  pores  in  the  diaphragm.  He  remarked 
that  the  resistances  of  pure  metals  is  proportional  to  their 
absolute  temperature. 

His  electrokinetic  theory,  founded  on  a  theory  of  action  at  a 
distance  between  electrical  elements  moving  in  conductors,  led 
to  the  conclusion  that  the  action  between  the  elements  must 
depend  on  their  absohite  velocity  and  not  on  their  relative 
velocity.  This  practically  postulates  a  meditun  with  reference 
to  which  the  elements  move,  and  by  which  the  actions  are 
propagated. 

With  the  great  development  of  electrodynamics  as  a  machine 
for  applying  energy  to  do  man's  work,  Clausius  repeated  his 
exploration  of  the  theory  of  the  steam  engine,  that  great  machine 
for  applying  heat  energj-  to  do  work,  and  investigated  on  broad 
principles  the  the  theory  of  dynamos.  Some  of  his  work  in  this 
direction  is  superseded  by  tlie  rapid  development  of  the  science 
and  its  applications,  but  his  insight  into  the  problem  is  evidenced 
by  his  haN'ing  been  one  of  the  first  to  notice  hysteresis,  which 
he  describes  as  the  forces  resisting  magnetization  being  like 
friction. 

It  is  to  be  regretted  that,  in  his  electromagnetic  theory, 
Clausius  was  led  by  the  algebraic  methods  of  Weber,  rather  than 
by  the  geometrical  insight  of  Faraday,  or  by  some  mechanical 
theory,  such  as  directed  his  steps  in  thermod}Tiamics.  If  his 
constructive  genius  had  been  here  well  dii-ected,  there  might  now 
exist  a  satisfactory  theory  of  electromagnetic  action ;  he  might 
have  founded  the  theory  of  ether  as  well  as  of  gas ;  he  had 
genius  enough  to  do  it. 

Though  not  himself  an  experimentalist,  he  valued  and  was 
eminently  able  to  criticise  and  use  the  results  of  experiment. 
He  had  that  clear  grasp  of  natural  phenomena  which  leads  to 
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a  right  interpretation  of  them,  and  that  concrete  practical  con- 
ception of  them  that  leads  to  a  continual  reference  back  of  the 
interpretation  to  experimental  numerical  verification.  He  was 
a  noble  example  of  the  spirit  that  devotes  itself  to  directly 
benefiting  mankind,  and  that  does  not  waste  time  on  petty 
elaborations  of  pretty  problems.  He  was  in  the  highest  sense 
practical,  his  work  is  eternal,  and  his  memory  will  live  as  long 
as  mankind  reveres  its  benefactors. 
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NOTE  ON  THE  ORIGINATION  OF  TURBULENT 
MOTION  IN  VISCOUS  LIQUIDS 

[From  the  S^ntific  Froce^ingt  of  the  Royal  Dublin  Soeittff. 

Bead  January  9,  1889.] 

In  a  viscous  liquid  moving  near  a  fixed  surface  the  motion  is 
laminar  if  the  rate  of  change  of  motion  with  distance  from 
surface  is  not  too  great.  Under  these  circumstances  a  small 
deviation  from  laminar  motion  is  gradually  destroyed  by  the 
viscosity.  If  we  consider  the  forces  acting  on  any  wave  supposed 
superadded  to  the  laminar  motion,  we  see  that  the  pressure,  on 
what  may  be  called  the  windward  side  of  the  wave,  is  greater 
than  on  the  lee  side,  on  account  of  the  viscosity  of  the  liquid ; 
and  if  the  change  of  velocity  of  the  liquid  with  distance  from 
surface  be  great  enough,  the  diflference  of  pressure  may  be  great 
enough  to  cause  the  wave  to  become  greater  and  greater  not- 
withstanding viscosity,  just  as  the  wind  causes  waves  in  the 
sea ;  and  the  waves  will  ultimately  break,  which  corresponds  to 
a  production  of  turbulent  motion.*  If  the  waves  originally 
produced  be  of  short  wave-length,  they  would  be  more  affected 
by  the  viscosity  stopping  them  than  larger  ones,  and  so  only 
turbulency  of  a  definite  size  would  be  produced.  This  theory 
seems  to  account  for  most  of  Professor  Osborne  Reynolds'  obser- 
vations. 

[•  The  mathematical  theory  of  this  instability  is  investigated  by  Lord  Rayleigh, 
Uroe.  Math,  See,  1880,  1887,  1895,  reprinted  in  his  Scientific  Papers.] 
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ON  THE  DIMENSIONS  OF  ELECTHOMAGNETIC  UNITS 

[From  the  Fhilowphical  Ifapasitu  for  April,  1889.    Bead  before  the  Fhyiical 

Society  on  February  23,  1889.] 

Some  attention  has  lately  been  called  to  the  question  of  the 
dimensions,  of  electromagnetic  units,  but  the  following  obvious 
suggestions  seems  to  have  escaped  notice. 

The  electrostatic  system  of  units  may  be  described  as  one 
in  which  electric  inductive  capacity  is  €i$$nmed  to  have  zera 
dimensions  and  the  electromagnetic  system  as  one  in  which 
the  magnetic  inductive  capacity  is  assumed  to  have  zero 
dimensions.  Now  if  we  take  a  system,  in  which  the  dimensioiis 
of  both  these  quantities  are  the  same,  and  of  the  dimensions  of 

a  slowness,  t.  e,  the  inverse  of  a  velocity    =-  ,  the  two  systems 

become  identical  as  regards  dimensions,  and  differ  only  by  a 
numerical  coefficient  just  as  centimetres  and  kilometres  do. 
There  seems  a  naturalness  in  this  result  that  justifies  the  assump- 
tion that  these  inductive  capacities  are  really  of  the  nature  of  a 
slowness.  It  seems  possible  that  they  are  related  to  the 
reciprocal  of  the  square  root  of  the  mean  energy  of  turbiUeuce 
of  the  ether. 
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ON  AN   ELECTROMAGNETIC  INTERPRETATION   OF 

TURBULENT  LIQUID  MOTION 

[From  Nature,  May  9,  1889.] 

The  equations  of  rate  of  increase  of  momentum  F,  components 
X,  Y,  Z,  per  imit  volume  of  a  liquid  (density  »  1)  are 

Y     ^^^       ^^       ^'*        ^'^     ^P 
dt        dx        dy        dz      dx* 

and  corresponding  ones  for  Y  and  Z.    If  the  liquid  be  incom- 
pressible, 

du     dv     dio 

dx     dy      dz 
Multiplying  this  by  v,  and  adding  to  X,  we  get 

^     du      d  ,  ..      ^  y     ^     d  .     .      dp 

and  similar  expressions  for  Y  and  Z. 

It  is  at  once  obvious  that  these  could  be  written  down  at 
once,  for  v},  uv,  and  uw  are  the  momenta  per  second  carried 
into  the  element  through  its  faces  as  in  the  kinetic  theory  of 
gases;  and  it  is  evident  that  the  equation  is  the  same  as  for 
a  strained  solid  where  these  are  the  superficial  normal  and 
tangential  forces. 

If  we  now  take  the  average  values  of  these  throughout  any 

small  region,  and  write  for  the  average  of  -r—  =  -7-,  we  have 

cue        dX 


—      dii     du*     duv     duw     dp 
dt       dx       dy        dz       dx 
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Comparing  this  mth  Maxwell's  stress  in  the  ether  we  must 
take*  (•'Electricity  and  Magnetism,"  vol  1,  §  105)— 

dy^  dy\dxdy]     dy  dy^^' 

duw     d  fdxpdxjA       d  pp      ^        . 
dz      dz  \dx  dz )      dz  dz    ^  * 

adding  these  together,  and  comparing  witli  the  equation  for  X, 
we  get 

^     du     dp 
dt      dx 

"  2dx\\dx)  "^  [dyj  "^  \dz)f  "*"  dx  [da^  ^  di/""  dz' 

\dx      dy       dz)        \dx      dyj         \dz      dx ) 


+  o 


(da       dp       H\^of^^^\  (^      ^\ 

\dx  ^  dy^  dz)     ^\dx      dy)  ^'^\dz  '  dx)' 


and  two  similar  equations  involving  Y  and  Z. 
Now,  assimiing 


and  d}}i,     d^y^     d^ 

d?"^  d^"^  d^' 

dP      dQ      dR^ 
dx       dy       dz       * 

da        dfi       dy 

dx       dy       dz         * 

[*  This  seems  to  be  an  identitication  of  Maxwell*s  stress-teroiB  with  the  corre* 
•ponding  ones  in  X,  ^  being  introduced  only  to  account  for  ji.] 
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we  get        

^\d£      dy)        \dz      dxj 


X  -  37  -  P«  +  am 
at 


'^\dx       dy)^^\dz      dxJ' 


and  two  other  similar  equations. 

If  we  now  assume  as  the  relations  connecting  P,  Q,  B,  and 
«.  Pf  jf  with  a  velocity  V, 

\dy       dzj     dt  \dy     dzj         dt 

and  the  corresponding  others,  we  get 

du 
which,  if  we  suppose  the  motion  steady,  so  that  ^  •  0,  gives 

exactly  the  right  expression*  for  the  mechanical  force  due  to  an 
electric  charge,  e,  and  a  magnetic  charge,  m,  and  an  electric 
current  with  components 

rfP   rfQ  rfR 

dt'  dt'  dt' 

In  order  to  justify  the  assuiued  relation  l>etween  a,  (i,  y 
and  P,  Q,  R,  compare  with  Sir  William  Thomson's  equations  of 
propagation  of  disturbance  in  a  turbulent  liquid  (Phil,  Maf/,, 
October  1887,  p.  342). 

In  his  case  everything  is  a  function  of  y  only,  and  in  that 
case  my  equations  become,  when  there  is  no  mechanical  force, 

du      Id  r\  \      i>  ^Q         ^i3 

[*  This  ifl  not  the  correct  expression ;  in  fact  the  electric  and  magnetic  stresses 
of  MazweU  acting  togtther  do  not  seem  to  give  it  on  his  own  h}'pothe8is ;  cf,  his 
Treatise,  {  643.  For  theis  adaptation  to  a  molecular  theory,  see  Larmor,  PhiL 
Trmnt,  A  1897,  p.  251.] 

[t  Thii  hat  been  considerably  altered.] 
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If  we  now  assume  that  during  the  passage  of  a  disturbance  of 
the  kind,  Q  » /3  »  constant,  and  they  must  be  so  if 

d^     rfQ     ^^Q     da     dp     dy^ 
dx      dy       dz        '    dx     dy      dz       * 

and  consequently 

^(R0-Qr)-v|(PQ^.^). 

Comparing  this  with  Sir  William  Thomson's  equation  (34)  we 
see  that  53  .  Qv 

■ 

Similarly,  by  calculating 

we  reproduce  Sir  William  Thomson's  equation  (49),  if  V*  «  f  R% 
i.e.  be  -J  of  the  average  square  of  velocity  of  turbulency.  This 
V  is  the  velocity  of  propagation  of  the  disturbance. 

If  we  wish  to  identify  this  lamuiai-  motion  of  Sir  William 
Thomson's  with  a  simple  wave-propagation  such  as  light  consists 
of,  we  must  take  Q  =  |3  -  constant,  and  then  the  two  equations 
are  satisfied  by* 

^^-Y^    and    ^'-^--V^ 
dt  dy  dt  dy^ 

and  rfR        -,  da         ,     rfa         v  ^ 

Hi'      ^  dy    ^""'^     dt  ^      ^  dy ' 

no  matter  what  Q  and  /3  are,  and  these  ai-e,  of  course.  Maxwell's 
equations.  There  is  nothing  to  settle  which  is  the  electric  and 
which  the  magnetic  disturbance,  nor  even  which, /or  xzav{uv\ 
is  proportional  to  Ej3  -  Qy,  and  which  to  PQ  +  a/3 ;  but  the 

\*  The  upper  half  of  the  page  veems  to  add  nothing  to  this,  which  is  aU  in  the 
relationt.] 
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consideration  that  electric  currents  and  electrification  are 
possible  while  magnetic  currents  do  not  exist,  will  probably 
decide  a  question  of  this  kind.  In  Maxwell's  simplest  wave, 
P  and  Y  only  exist,  and  in  this  case,  as  I  have  assumed  above, 
xzav{uv)  would  correspond  to  electric,  and /to  magnetic  distur- 
bance. In  Sir  WiUiam  Thomson's  representation,  xzav(uv)  is  of 
the  nature  of  a  twist,  and  /  of  a  flow,  contrary  to  the  usual 
notion  that  magnetic  force  is  twisty.  However,  a  flow  cannot 
take  place  outwards  continuously  from  a  body,  so  that  there 
seems  a  reasonableness  in  likening  electrification  to  a  twist.  The 
fact  that  magnetism  in  matter  rotates  the  plane  of  polarization 
sometimes  to  one  side  and  sometimes  to  the  other  does  not  prove 
conclusively  that  it  is  a  rotation:  a  flow  might  confer  that 
property  on  matter. 

In  order  to  include  the  general  case  of  a  variable  state,  an 
interpretation  of  X,  Y,  Z  is  required.  Where  no  matter  is 
present,  we  must  assume* 

while  in  the  steady  state 

Pi  «  -  i  (P"  +  Q'  +  K«  +  «'  +  0'  +  7')- 
When  the  state  is  not  steady,  we  have,  if 

rfP      rfQ      rfR  da     d&      dy 

dx      dy      dz       '    dx     dy      dz        ' 

X  -  3-  -  Pc  +  am  -  —       \.   ^\  etc. 
dt  dt         \ 

We  must  now  assimie  that  p^  has  no  longer  the  above  value,  as 

X,  Y,  Z  do  not  vanish ;  but  by  differentiating  the  first  of  these 

with  respect  to  x,  the  second  with  respect  to  y,  and  the  third 

with  respect  to  z,  we  get 

dX^     rfY     ^  _  ^  /rffi     dv     dw' 
dx       dy      dz      dt\dx      dy      dz 


( 


a     P^     0~     'R—\     f    »        ^^'^     od^        dm\ 
dx        dy        dz)      \         ^  dx     ^dy      ^"dzj 

[*  The  reason  does  not  appear.] 
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which  is  satisfied  by  c  -  0,  m  «  0 : — or  if  «  and  m  exist,  by 


and 


and 


and 


cue        ay  <tz 

J        dm     -.  dm       dfti     ^ 

dx     ^  dy  ''  dz        * 

dii     dv     dw     ^     d^Pi  ePpi     rf*«, 

dx     dy     dz        '     dc*  dy*       cfe*         * 


■^-^•^S-v-'S)^^-^^'-^^'-^-'^'^'-^'^^)-^' 


^     d} 


wliich  means  that  energy  is  propagated  with  a  velocity  =  V,  and 
80  the  assiuned  relations  connecting  P,  Q,  E  and  o,  /3,  y  mean 
little  more  than  that  the  initial  state  is  stable. 

This,  I  think,  shows  that,  so  far,  the  ether  may  be  a  turbulent 
liquid. 

If  we  compare  the  dimensions  of  the  quantities  involved  in 
the  theory  of  motion  of  a  turbulent  liquid  with  those  in  the 
electromagnetic  theory,  we  find  it  convenient  to  put  these  latter 
dimensions  into  the  following  forms,  as  they  are  the  same  on 
the  electromagnetic  and  electrostatic  systems. 

Callmg  [KV*]  =  [V-»],  and  density  [p]  =  [ML->],  we  can 
write 

Electric  displacement    »  [KipiV], 

Electric  force  =  [K'ipiV], 

Magnetic  displacement «  [m^P^V], 

Magnetic  force  =  [/I'ipJV]. 

It  is  at  once  evident  that  the  products  of  the  force  and  dis- 
placement are,  in  each  case,  of  the  dimensions  of  the  P*,  Q',  R*, 
a',  /3',  7',  involved  in  the  theory  I  have  already  given. 

I  think  it  would  be  well,  perhaps,  to  introduce  some  new 
quantities  of  zero  dimensions  to  define  the  polarization  of  the 
medium.    It  seems  likely  that  the  velocity  involved  in  P  must 

8  2 
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depend  on  how  intensely  the  turbulency  is  polarized,  and  could 
therefore  be  measured  by  a  quantity  of  zero  dimensions  multiplied 
by  a  measure  of  the  turbulency.  This  measure  would  be  piv» 
80  that,  for  electrostatic  energy 

and  for  electromagnetic 

where  Po  and  oo  were  of  zero  dimensions. 

In  order  to  introduce  the  effect  of  alterations  in  material,  we 
may  put  these  in  the  form 

and  then  the  electric  displacement  will  be 

—  •  Ito, 


and  the  electric  force 

while  the  magnetic  displacement  will  be 


Vp  p. 


•i 


TT^  •    Oo, 


and  the  magnetic  force  will  be 


-J 


If  we  represent  the  six  quantities  fi',  v*,  tr*,  vie,  icu,  uv  by 
«i  6,  c,/,  g,  A,  they  are  connected  with  the  sLx  quantities,  P,  Q,  K, 
«>  /3, 7,  and  the  three  undisturbed  values  of  w'  =  A,  r  =  B,  ?r*= C, 
by  the  equations 

a  =  A  +  P  +  a',  &c.,     /=  QR  +  jSy,  &c. 

In  order  to  examine  how  these  are  related,  take  an  ellipsoid 
defined  by 

aar*  +  Jy*  +  <»»  +  2/^3  +  2/722:  +  2Aay  -  d, 
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and  we  see  that,  ilABBeCeR,  asis  the  case  except  in  a 
crystalline  medium,  the  ellipsoid  is 

80  that,  if       Pa?  +  Qy  +  E?  ■  L,    aa;  +  /3y  +  72  -  X, 

then  L  +  tX  and  L  -  iX  are  the  imaginary  circular  sections  of  the 
ellipsoid,*  and  consequently  the  intersection  of  L  and  X,  whose 
direction  cosines  are  proportional  to  Qy  -  Rj3,  &c.,  is  the  major 
axis  of  the  ellipsoid,  when  the  above  signs  are  attributed  to 
L*  and  X*.  As  any  ellipsoid  can  be  expressed  in  this  form  by 
referring  it  to  its  circumscribing  sphere  and  the  corresponding 
planes  of  circular  section,  it  is  apparent  that  any  polarized  state 
of  the  turbulent  motion  can  be  built  up  of  P,  Q,  E,  and  a,  j3,  y 
polarizations.  The  axis  of  the  ellipsoid  mentioned  above  repre- 
sents the  flow  of  energy  in  the  medium  during  the  propagation 
of  a  disturbance. 

I  am  inclined  to  think  that  Sir  William  Thomson's  fear  that 
diflfusion  would  vitiate  these  investigations  would  be  avoided 
either  by  supposing  the  turbulent  liquid  to  consist  of  interlocked 
vortex  rings,  or  of  infinite  intercrossing  lines ;  and  in  either  case 
a  natural  hypothesis  would  be  that  matter  consisted  of  free 
voitex  rings. 

*  This  was  remarked  to  me  by  Professor  Lyle,  of  Melbourne,  while  I  was 
recently  speaking  to  him  upon  this  subject. 
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MULTIPLE  EESONANCE  OBTAINED  WITH  HEBTZ'S 

VTBEATORS 

[Conjointly  vith  Dr.  F.  T.  Trouton,  F.R.S.    From  Natwn,  January  SO,  1890.] 

While  Mr.  Trouton  and  I  were  carrying  out  some  experiments 
to  try  and  drive  an  independent  current  through  the  arc  formed 
when  a  spark  passes  in  a  Hertzian  resonating  receiver,  we  suc- 
ceeded to  some  extent  in  doing  so,  but  obtained  an  unexpected 
result  which  may  be  of  service  to  others  working  upon  this 
matter.  We  found  that  if  the  two  sides  of  the  receiver  be 
connected  with  a  delicate  galvanometer,  it  is  afifected  whenever 
a  spark  passes.  It  is  not  so  easy  to  get  sparks  to  pass  when  the 
galvanometer  is  so  connected  as  when  the  receiver  is  insulated ; 
but  whenever  a  spark  passes,  the  galvanometer — a  7000-ohm 
Cambridge  Scientific  Instrument  Company's  pattern — is  deflected 
through  several  degrees  and  often  ofif  the  scale.  It  is  not  very 
easy  to  see  how  the  action  takes  place,  because  one  would 
imagine  that  an  electro-dynamometer  would  be  required.  The 
current  is  reversed  along  with  the  reversal  of  the  primary 
induction,  and  seems  to  be  connected  with  the  direction  of  the 
electromagnetic  impulse  that  first  breaks  down  the  air-space 
in  the  receiver :  an  explanation  founded  upon  this  consideration 
explains  the  facts  so  far,  but  further  investigation  is  required  to 
fully  confirm  it.  We  have  foimd  this  method  of  observing  the 
Hertzian  phenomena,  which  we  have  worked  successfully  with 
an  apparatus  giving  a  wave-length  of  0*6  metre,  much  more 
satisfactory  than  the  method  founded  on  utilizing  the  conductivity 
of  the  spark  as  a  path  to  drive  an  independent  current  either 
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across  or  along.  Some  experiments  in  a  vacuum  tube,  however^ 
showed  that  this  method  is  capable  of  extension.  We  found  it 
also  more  satisfactory  than  a  bolometer  method,  which,  however, 
worked  fairly  welL  For  this  we  interposed,  instead  of  the 
spark-gap,  a  very  fine  wire,  which  was  made  into  one  of  the 
arms  of  a  Wheatstone's  bridge.  The  great  desideratum  was  a 
very  fine  wire,  and  we  intend  trying  silvered  quartz  fibres  if  we 
can  obtain  them,  and  lead  drawn  inside  glass,  &c.,  our  hearts 
having  been  broken  trying  to  use  that  biittle  beauty,  WoUaston 
wire. 

Any  of  these  methods,  in  which  your  observing  apparatus, 
the  galvanometer,  can  be  at  a  distance  from  the  receiver,  is  more 
manageable  than  ones  like  that  described  by  Mr.  Gregory,  in 
which  the  receiver  is  itself  also  the  observing  apparatus.  We 
exhibited  our  method  of  observing  the  occurrence  of  spark  by 
connecting  the  ends  of  the  spark-gap  with  a  delicate  galvano- 
meter at  the  meeting  of  the  Dublin  University  Experimental 
Science  Association  last  November. 


[By  Dk.  TBOXTTOir.] 

As  I  see  from  a  notice  of  the  proceedings  of  the  Academy  of 
Sciences,  Paris,  in  last  week's  Nature  (p.  287),  that  MM. 
Edouard  Sarasin  and  Lucien  de  la  Bive  have  observed  the  fact 
that  "  multiple  resonance  "  can  be  obtained  by  using  diiferent 
sized  resonators  with  a  Hertzian  "  \'ibrator,"  I  adjoin  the  follow- 
ing short  account  of  experiments  of  a  somewhat  different 
character  made  during  last  autumn,  which  have  led  to  the 
same  results,  and  which  were  brought  before  the  notice  of 
the  Dublin  University  Experimental  Association  last  November. 
Since  then  I  have  leaint  what  these  experimenters  also  seem 
not  to  have  known — that  some  of  Hertz's  earlier  experiments 
were  more  especially  concerned  with  this  very  fact. 

First,  it  was  found  that  the  wavo-length  in  the  Hertzian 
experiment  of  loops  and  nodes,  formed  by  reflection  from  a  large 
metallic  sheet,  had  altered  since  the  apparatus  had  been  last 
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used  some  months  previously.  This  was  attributed  at  first  to 
something  in  the  "  yibrator,**  such  as  the  width  of  the  spark-gap ; 
but  ultimately,  on  remembering  how  an  accident  had  necessi- 
tated a  new  resonator  being  made,  the  cause  was  recognized — 
namely,  that  it  was  not  exactly  the  same  size  as  the  previous 
one ;  and  when  several  resonators  of  different  sizes  were  made, 
they  were  found  to  give  the  node  at  different  distances  from  the 
reflecting  sheet.  The  intensity  of  the  sparking  with  which  these 
were  affected  increased  with  their  size  up  to  a  certain  point,  and 
then  diminished.  So  that  it  seems  as  if  a  *'  vibrator  "  did  not 
send  out  a  ^  line  spectrum,"  so  to  speak,  but  sends  out  a ''  band 
spectrum,"  the  centre  of  which  is  the  brightest.  The  period, 
then,  of  a  ''  vibrator "  is  that  belonging  to  the  centre  of  this 
•band." 

Again,  in  like  manner,  a  "  resonator  "  was  always  found  to 
give  the  node  in  different  positions  according  to  the  size  of  the 
** vibrator"  employed.  This  is  what  would  be  expected  from 
the  principle  of  resonance,  a  resonator  being  able  to  respond  to 
any  member  of  the  *'  band  "  it  would  itself  give  out  when  acting 
as  a  radiator,  the  central  period  of  coui^se  with  the  greatest,  ease. 
Some  such  factor  as 

could,  perhaps,  express  this  sort  of  thing,  where  A  belongs  to 
the  period  of  the  radiation,  supposed  for  the  moment  "  mono- 
chromatic," falling  on  the  resonator,  and  X©  belongs  to  the 
"period"  of  the  resonator,  or  that  of  the  centre  of  its  "band." 

The  position  of  the  node  was  also  found  to  vary  on  altering 
the  character  of  the  dielectric  surrounding  the  resonator :  even 
laying  a  piece  of  sealing-wax  on  the  wire  of  the  resonator  was 
sufficient  to  be  observed.  This  might  be  employed  to  determine 
"  V  "  in  a  dielectric  of  which  only  a  small  quantity  was  obtain- 
able. 

It  is  obviously  of  importance  for  the  "  central  period  "  of  the 
resonator  employed  to  "coincide  with  that  of  the  vibrator,  especi- 
ally when  determining  the  velocity  of  the  disturbance,  for  this 
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is  presumably  the  period  given  by  theory.  This  is  practically 
always  done  when  arranging  their  relative  sizes,  so  as  to  obtain 
greatest  intensity.  So  that  the  caution  urged  by  ^I.  Comu  in 
connexion  with  Prof.  Hertz's  measurements  of  this  velocity 
seems,  from  these  considerations,  to  be  to  a  great  extent 
imnecessary. 

It  would  obviously  be  of  importance  to  investigate  what 
form  the  resonator  should  take,  so  as  to  give  out  a  radiation 
most  approaching  one  definite  period. 
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ELECTE03IAGNETIC   EADIATION 

[From  tHe  Frocudingt  of  the  Royal  Itutiiution  of  Onat  Britain,    Diaooiine 
delivered  on  Friday  evening,  March  21, 1890.] 

In  order  to  discover  whether  actions  are  propagated  in  time  or 
instantaneously,  we  may  employ  the  principle  of  interference  to 
measure  the  wave-length  of  a  periodic  disturbance,  and  determine 
whether  it  is  finite  or  no.  This  is  the  principle  employed  by 
Hertz  to  prove  experimentally  Maxwell's  theory  as  to  the  rate 
of  propagation  of  electromagnetic  waves.  In  order  to  confine 
the  experiments  within  reasonable  limits  we  require  short 
waves,  of  a  few  metres*  length  at  most.  As  the  highest  audible 
note  gives  waves  of  five  or  six  miles  long,  and  our  eyes  are 
sensitive  only  to  unmanageably  short  waves,  it  is  necessary 
to  generate  and  observe  waves  whose  frequency  is  intermediate 
between  them,  of  some  hundred  million  vibrations  per  second  or 
so.  For  this  purpose  we  may  use  a  pair  of  conducting  surfaces 
connected  by  a  shorter  or  longer  wire,  in  which  is  interposed  a 
spark-gap  of  some  few  millimetres*  length.  When  the  conductors 
are  charged  by  a  coil  or  electrical  machine  to  a  suflSciently  high 
difiference  of  potential  for  a  spark  to  be  formed  between  them, 
they  discharge  in  a  series  of  oscillations,  whose  period  for 
systems  of  similar  shape  is  inversely  proportional  to  the  linear 
dimensions  of  the  system  so  long  as  the  surrounding  medium 
is  unaltered.  When  the  surrounding  non-conducting  medium 
changes,  the  period  depends  on  the  electric  and  magnetic  specific 
inductive  capacities  of  this  medium.  Two  such  systems  were 
shown.      A  large  one,  whose  frequency  was  about  60  millions 
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per  second ;  and  a  small  one,  whose  frequency  was  about  500 
millions  per  second.  The  large  one  consisted  of  two  flat  plates, 
about  30  cm.  square  and  60  cm.  apart,  and  arranged  in  the  same 
way  as  is  described  by  Prof.  Hertz  in  Wiedemann's  ''  Annalen/' 
April,  1888.  The  smaller  vibrating  system  consisted  of  two 
short  brass  cylinders  terminating  in  gilt  brass  balls  of  the  same 
size,  and  arranged  in  the  same  way  as  the  smaller  system 
described  by  Professor  Hertz  in  Wiedemann's  ''Annalen/'  March, 
1889.  This  latter  system  was  placed  in  the  focal  line  of  a 
cylindrical  parabolic  mirror  of  thin  zinc  plate,  such  as  that 
described  by  Prof.  Hertz  in  this  paper. 

These  generators  of  electromagnetic  oscillations  may  be 
called  electric  oscillators,  as  the  electric  charge  oscillates  from 
end  to  end.  A  circle  of  wire,  or  a  coil  in  which  an  alternating 
current  ran,  or,  if  such  a  thing  were  attainable,  a  magnet 
alternating  in  polarity,  might  be  called  a  magnetic  oscillator. 
A  ring-magnet  with  a  closed  magnetic  ciix^uit  is  essentially 
an  electric  oscillator,  while  a  ring  of  ring-magnets  would  be 
essentially  a  magnetic  oscillator  again.  The  elementary  theory 
of  a  magnetic  oscillator  can  be  derived  from  that  of  an  electric 
osciUator  by  simply  interchanging  electric  and  magnetic  force. 
Electricity  and  magnetism  would  be  essentially  interchangeable 
if  such  a  thing  existed  as  magnetic  conduction.  The  only 
magnetic  currents  we  know  are  magnetic  displacement  currents 
and  convection  currents,  such  as  are  used  in  unipolar  and  some 
other  dynamos.  It  is  in  this  difference  that  we  must  look  for 
the  difference  between  electricity  and  magnetism. 

In  order  to  observ^e  the  existence  of  these  electromagnetic 
oscillations  we  can  employ  the  principle  of  resonance  to  generate 
oscillations  in  another  system  whose  free  period  of  osciUation  is 
the  same.  A  magnetic  receiver  may  be  employed,  consisting  of  a 
single  incomplete  circle  of  wire  broken  by  a  very  minute  spark- 
gap,  across  which  a  spark  leaps  when  the  oscillations  in  the  wire 
become  sufficiently  intense.  In  order  that  a  large  audience  may 
observe  the  occurrence  of  s^mrks,  the  terminals  of  a  galvanometer 
circuit  were  connected  one  with  one  side  of  the  spark-gap  and 
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the  other  with  a  fine  point  which  could  be  approached  very  close 
to  the  other  side  of  the  spark-gap.  It  was  observed  that  when 
a  spark  occurred  in  the  gap,  a  spark  could  also  be  arranged  to 
occur  into  the  galvanometer  circuit,  and  with  a  delicate  long- 
coil  galvanometer  (that  used  had  40,000  ohms  resistance)  a  very 
marked  deflection  can  be  produced  whenever  a  spark  occurs. 
This  arrangement  we  have  only  succeeded  in  working  com- 
paratively close  to  the  generator,  because  the  delicacy  required 
in  adjusting  the  two  spark-gaps  is  so  great.  It  can,  however, 
be  employed  to  show  that  the  sparks  produced  in  this  magnetia 
resonant  circuit  are  due  to  resonance,  by  removing  this  receiver 
from  the  generator  to  such  a  distance  that  sparks  only  just  occur, 
and  then  substituting  for  the  single  circuit  a  double  circuity 
which,  except  for  resonance,  should  have  a  greater  action  than 
the  single  one,  but  which  stops  the  sparking  altogether.  An 
electric  receiver  was  also  used  which  was  identical  with  the 
generator,  and  had  a  corresponding,  only  much  smaller,  spark- 
gap  between  the  two  plates.  When  the  plates  are  connected 
with  the  terminals  of  the  galvanometer,  upon  the  occurrence  of 
each  spark  the  galvanometer  is  deflected.  It  is  not  so  easy  to 
obtain  sparks  when  the  plates  are  connected  with  the  galvano- 
meter as  when  they  are  insulated,  and  it  is  this  that  has  limited 
the  use  of  this  method  of  observation.  By  making  the  first 
metre  or  so  of  the  wires  to  the  galvanometer  of  extremely  fine 
wire,  so  as  to  reduce  their  capacity,  wo  have  found  that  the 
difficulty  of  getting  sparks  is  less  than  with  thick  wires.  We 
have  not  observed  any  effect  due  to  the  thickness  of  the  wires 
after  a  short  distance  from  the  receiver. 

In  the  case  of  the  small  oscillator,  a  receiver  exactly  like  the 
one  described  by  Prof.  Hertz  in  his  second  paper  already  quoted 
was  placed  in  the  focal  line  of  a  cylindrical  parabolic  mirror,  and 
its  recei\'ing  wires  were  connected  with  the  wires  leading  to  the 
galvanometer  by  some  very  fine  brass  wire.  With  the  large 
sized  generator  and  receiver,  which  were  placed  about  3  metres 
apart,  it  was  shown  that  the  sparking  was  stopped  by  placing 
a  thin  zinc  sheet  so  as  to  reflect  the  radiations  from  a  point 
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close  behind  the  receiver.  By  means  of  a  long  indiarubber  tube 
bung  from  the  ceiling  it  was  shown  how,  when  waves  are 
propagated  to  a  point  whence  they  are  reflected,  the  direct  and 
reflected  waves  interfering  produce  a  system  of  loops  and  nodes, 
with  a  node  at  the  reflecting  point.  It  was  explained  that 
these  nodes,  though  places  of  zero  displacement,  were  places  of 
maximum  rotation,  and  that  the  axis  of  rotation  was  at  right 
angles  to  the  direction  of  displacement.  It  was  explained  that 
an  analogous  state  of  affairs  existed  in  the  electromagnetic 
vibrations.  If  the  electric  force  be  taken  as  analogous  to  the 
displacement  of  the  rope,  the  magnetic  may  be  taken  as 
analogous  to  its  rotation,  and  the  two  are  at  right  angles  to  one 
another.  In  the  ether  the  electric  node  is  a  magnetic  loop,  and 
vice  versd.  Though  the  two  are  separated  in  loops  and  nodes, 
they  exist  simultaneously  in  a  simple  wave-propagation,  just  as 
in  a  rope  when  propagating  waves  in  one  direction  the  crest  of 
maximum  displacement  is  also  that  of  maximum  rotation.  It 
was  explained  that  by  placing  the  reflector  at  a  quarter  of  a 
wave-length  from  the  receiver  this  would  be  at  an  electric 
loop,  and  have  its  sparking  increased.  It  may  thus  be  shown 
that  there  are  a  series  of  loops  and  nodes  produced  by  reflection 
of  these  electromagnetic  forces,  like  those  produced  in  any 
other  case  of  reflected  wave-propagation.  This  was  Hertz's 
fundamental  experiment,  by  which  he  proved  that  electromagnetic 
actions  are  propagated  in  time,  and  by  some  approximate 
calculations  he  verified  Maxwell's  theory  that  the  rate  of 
propagation  is  the  same  as  that  of  light.  It  follows  that  the 
luminiferous  ether  is  experimentally  shown  to  be  the  medium 
to  which  electric  and  magnetic  actions  are  due,  and  that  the 
electromagnetic  waves  we  have  been  studying  are  really  only 
very  long  light  waves. 

A  rather  interesting  deduction  from  Maxwell's  theory  is  that 
light  incident  on  any  body  that  absorbs  or  reflects  it  should 
press  upon  it  and  tend  to  move  it  away  from  the  source  of  light 
Illustrating  this,  an  experiment  was  shown  with  an  alternating 
current  passing  through  an  electromagnet,  in  front  of  which  a 
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good  conducting  plate  of  silver  was  suspended.  When  the 
alternating  current  was  turned  on,  the  silver  was  i*epelled.  It 
was  explained,  that  as  the  silver  could  only  be  affected  by  what 
was  going  on  in  its  own  neighbourhood,  and  that  if  sufficiently 
powerful  radiations  from  a  distant  source  were  falling  on  the 
silver  it  would  be  acted  on  by  alternating  magnetic  forces,  this 
experiment  was  in  effect  an  experiment  on  the  repulsion  of 
light,  which  was  too  small  to  have  been  yet  observed  even  in 
the  case  of  concentrated  sunshine.  These  slow  vibrations  are 
not  stopped  by  a  sheet  of  zinc,  though  much  reduced  by  a 
magnetic  sheet  like  tin-plate,  though  the  rapid  ones  are  quite 
stopped  by  either — thus  showing  that  wave-propagation  in  a 
conductor  is  of  the  nature  of  a  diffusion. 

In  all  cases  of  diffusion,  when  we  consider  the  limits  of  the 
problem,  terms  involving  the  momentum  of  the  parts  of  the 
body  must  be  introduced.  It  appears  from  elementary  theories 
of  diffusion  as  if  it  were  propagated  instantaneously,  but  no 
action  can  be  propagated  from  molecule  to  molecule,  in  air,  for 
instance,  faster  than  the  molecules  move,  i,c.  at  a  rate  comparable 
with  that  of  sound.  In  electromagnetic  theory  corresponding 
terms  come  in  by  introducing  displacement  currents  in  con- 
ductors, and  it  seems  impossible  but  that  some  such  terms 
should  be  introduced,  as  otherwise  electromagnetic  action  would 
be  propagated  instantaneously  in  conductora.  The  propagation 
of  light  through  electrolytes,  and  the  too  great  transparency  of 
gold  leaf,  point  in  the  same  direction. 

The  constitution  of  these  waves  was  then  considered,  and 
it  was  explained  that  if  magnetic  forces  are  analogous  to  the 
rotation  of  the  elements  of  a  wave,  then  an  ordinary  soUd 
cannot  be  analogous  to  the  ether  because  the  latter  may  have  a 
constant  magnetic  force  existing  hi  it  for  any  length  of  time, 
while  an  elastic  solid  cannot  have  continuous  rotation  of  its 
elements  in  one  direction  existing  within  it.  The  most  satis- 
factory model,  with  properties  quite  analogous  to  those  of  the 
ether,  is  one  consisting  of  wheels  geared  with  elastic  bands. 
The  wheels  can  rotate  continuously  in  one  direction,  and  their 
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rotation  is  the  analogue  of  magnetic  force.  The  elastic  bands 
are  stretched  by  a  difference  of  rotation  of  the  wheels,  and 
introduce  stresses  quite  analogous  to  electric  forces.  67  moving 
the  elastic  bands  of  lines  of  governor  balls,  the  whole  model  may 
have  only  kinetic  energy,  and  so  represent  a  fundamental 
theory.  Such  a  model  can  represent  media  differing  in  electric 
and  magnetic  inductive  capacity.  If  the  elasticity  of  the  bands 
be  less  in  one  region  than  another,  such  a  region  represents  a 
body  of  higher  electric  inductive  capacit}%  and  waves  would  be 
propagated  more  slowly  in  it.  A  region  in  wliich  the  masses  of 
the  wheels  was  large  would  be  one  of  high  magnetic  inductive 
capacity.  A  region  where  the  bands  slipped  would  be  a 
conducting  region.  Such  a  model,  unlike  most  others  proposed, 
illustrates  both  electric  and  magnetic  forces  and  their  inter- 
relations, and  consequently  light-propagation. 

In  the  neighbourhood  of  an  electric  generator  the  general 
distribution  of  the  electric  and  magnetic  forces  is  easily  seen. 
The  electric  lines  of  force  must  lie  in  planes  passing  through 
the  axis  of  the  generator,  while  the  lines  of  magnetic  force  lie 
in  circles  round  this  axis  and  pei^pendicular  to  the  lines  of 
electric  force.  It  is  thus  evident  that  the  wave  is,  at  least 
originally,  polarized.  To  show  tliis,  the  small-sized  oscillators 
with  parabolic  mirrors  were  used,  and  a  light  square  frame,  on 
which  wires  parallel  to  one  direction  were  stnmg,  was  inter- 
posed between  the  mirrors.  It  was  shown  that  such  a  system 
of  wires  was  opaque  to  the  radiation  when  the  wires  were 
parallel  to  the  electric  force,  but  was  quite  transparent  when  the 
frame  was  turned  so  that  the  wires  were  parallel  to  the  magnetic 
force.  It  behaved  just  like  a  tourmaline  to  polarized  light.  It 
is  of  great  interest  to  verify  experimentally  Maxwell's  theory 
that  the  plane  of  polarization  of  light)  is  the  plane  of  the  magnetic 
force.  Tliis  has  been  done  by  Mr.  Trouton,  who  has  shown  that 
these  radiations  are  not  reflected  at  the  polarizing  angle  by  the 
surface  of  a  nonconductor,  when  the  plane  of  the  magnetic  force 
in  the  incident  vibration  is  perpendicular  to  the  plane  of  inci- 
dence, but  the  radiations  are  reflected  at  all  angles  of  incidence 
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when  the  plane  of  the  magnetic  force  coincides  with  the  plane 
of  incidence.  Thus  the  long-standing  dispute  as  to  the  direction 
of  vibration  of  light  in  a  polarized  ray  has  been  at  last  experi- 
mentally determined.  The  electric  and  magnetic  forces  are  not 
simultaneous  near  the  oscillator.  The  electric  force  is  greatest 
when  the  electrification  is  greatest,  and  the  magnetic  force  when 
the  current  is  greatest,  which  occurs  when  the  electrification  is 
zero :  thus  the  two,  when  near  the  oscillator,  differ  in  phase  by 
a  quarter  of  a  period.  In  the  waves,  as  existing  far  from  the 
oscillator,  they  are  always  in  the  same  phase.  It  is  interesting 
to  see  how  one  gains  on  the  other.  It  may  be  worth  observing 
again  that  though  what  follows  deals  with  electric  oscillators, 
the  theory  of  magnetic  oscillators  is  just  the  same,  only  that  the 
distribution  of  magnetic  and  electric  forces  must  be  interchanged. 
Diagrams  drawn  from  Hertz's  figures  published  in  Wiedemann's 
"Annalen  "  for  January,  1889,  and  in  "  Nature  "  for  March  7th, 
1889,  and  in  the  "  Philosophical  ilagazine "  for  March,  1890, 
were  thrown  on  the  screen  in  succession ;  and  it  was  pointed 
out  how  the  electric  wave,  which  might  be  likened  to  a  diverging 
whirl  ring,  was  generated,  not  at  the  oscillator,  but  at  a  point 
about  a  quarter  of  a  wave-length  on  each  side  of  the  oscillator, 
while  it  was  explained  that  the  magnetic  force  wave  starts  from 
the  oscillator.  It  thus  appears  how  one  gains  the  quarter  period 
on  the  other.  The  outtiow  of  the  waves  was  exhibited  by  caus- 
ing the  images  to  succeed  one  another  rapidly  by  means  of  a 
zoetrope,  in  which  all  the  light  is  used  and  the  succession  of 
images  is  formed  by  hav^g  a  separate  lens  for  each  picture  and 
rotating  the  beam  of  light  so  as  to  illimiinate  the  pictures  in 
rapid  succession. 

As  the  direction  of  flow  of  energy  in  an  electromagnetic 
field  depends  on  the  diiections  of  electric  and  magnetic  force, 
being  reversed  when  either  of  these  is  reversed,  it  follows  that 
in  the  neighbourhood  of  the  oscillator  the  energy  of  the  field 
alternates  between  the  electric  and  magnetic  forms,  and  that  it 
is  only  the  energy  beyond  about  a  quarter  of  the  wave-length 
from  the  oscillator  which  is  wholly  radiated  away  during  each 
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vibration.  It  follows  that  in  ordinary  electromagnetic  alter- 
nating currents  at  from  100  to  200  alternations  per  second,  it  is 
only  the  energy  which  is  some  3000  miles  away  which  is  lost. 
If  an  electromagnetic  wave,  having  magnetic  force  comparable  to 
that  near  an  ordinary  electromagnet,  were  producible,  the  power 
of  the  radiation  would  be  stupendous.  If  we  consider  the 
possible  radiating  power  of  an  atom  by  calculating  it  upon 
the  hypothesis  that  the  atomic  charge  oscillates  across  the 
diameter  of  the  atom,  we  find  that  it  may  be  millions  of 
millions  of  times  as  great  as  Prof.  Wiedemann  has  foxmd  to 
be  the  radiating  power  of  a  sodium  atom  in  a  Bimsen  burner, 
fio  that  if  there  is  reason  to  think  that  any  greater  oscillation 
might  disintegrate  the  atom,  it  is  evident  that  we  are  still  a  long 
way  from  doing  so.  It  is  to  be  observed  that  ordinary  light- 
waves are  very  much  longer  than  the  period  of  the  vibration 
above  referred  to.  Dr.  Lodge  has  pointed  out  that  quite  large 
oscillators  in  comparison  to  molecules,  namely,  about  the  size  of 
the  rods  and  cones  in  the  retina,  are  of  the  size  to  resound  to 
light-waves  of  the  length  we  see,  and  so  might  be  used  to 
generate  such  waves.  This  seems  to  show  that  the  electro- 
magnetic structure  of  an  atom  must  be  more  complicated  than  a 
small  sphere  or  other  simple  shape  with  an  oscillating  chaige 
on  it;  for  the  period  of  vibration  of  a  small  system  can  be 
made  long  by  making  the  system  complex,  c.  g,  a  small  Leyden 
jar  of  large  capacity  with  a  long  wire  wound  many  times  round 
connecting  its  coats,  could  easily  be  constructed  to  produce 
electromagnetic  waves  whose  length  would  bear  the  same 
proportion  to  the  size  of  the  jar  as  ordinary  light-waves  do 
to  an  atom.  The  rate  at  which  the  energ}'^  of  a  Hertzian 
vibrator  is  transferred  to  the  ether  is  so  great  that  we  would 
expect  an  atom  to  possess  the  great  radiating  power  it  has. 
This  shows,  on  the  other  hand,  how  completely  the  vibrations 
of  an  atom  must  be  forced  by  the  vibrations  of  the  ether  in  its 
neighbourhood;  so  that  atoms,  being  close  compared  with  a  wave- 
length, are,  in  any  given  small  space,  probably  in  similar  phases 
of  vibration.     It  is  interesting  to  consider  this  in  connexion 
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with  the  action  of  molecules  in  collision,  as  to  how  &r  the  foioe 
between  molecules  after  collision  is  the  same  as  before.  In  the 
same  connexion  the  existence  of  intra-atomic  electromagnetic 
oscillations  is  interesting  in  the  theories  of  anomalous  dispersion. 
An  electromagnetic  model  of  a  prism  with  anomalous  dispersion 
might  be  constructed  out  of  pitch,  through  which  conductors, 
each  with  the  same  rate  of  electromagnetic  oscillation,  were 
dispersed.  In  theories  of  dispersion  a  dissipation  of  energy  is 
assumed,  and  it  may  be  the  radiation  of  the  induced  electro- 
magnetic vibrations.  These  can  evidently  never  be  greater 
than  the  incident  electromagnetic  \'ibration,  on  account  of  this 
radiation  of  their  own  energy.  In  some  theories  a  vibration  of 
something  much  less  than  the  whole  molecule  is  assumed,  and 
the  possibility  of  intra-atomic  electromagnetic  oscillations  would 
account  for  this.  Some  such  assumption  seems  also  required,  in 
order  to  explain  such  secondary,  if  not  tertiary,  actions  as  the 
Hall  effect  and  the  rotation  of  the  plane  of  polarization  of  light, 
which  are,  apparently  at  least,  secondary  actions  due  to  a 
reaction  of  the  matter  set  in  motion  by  the  radiation  on  this 
radiation. 

Some  further  diagrams  were  exhibited,  plotted  from  Hertz's 
theory  by  Mr.  Trouton,  to  whom  much  of  the  matter  in  this 
paper  is  due.  They  are  here  reproduced,  and  show  eight 
simultaneous  positions  of  the  electric  and  magnetic  waves 
during  a  semi-oscillation  of  an  electric  oscillator.  The  dotted 
line  shows  the  electric  force  at  various  points,  and  the  continu- 
ous line  the  magnetic  force.  In  the  first  diagram  the  magnetic 
force  is  at  its  maximum  near  the  origin,  while  the  electric  force 
there  is  zero.  In  the  second  the  magnetic  energy  near  the 
origin  has  partly  turned  into  electric  energy,  and  consequently 
electric  force  begins.  The  succeeding  figures  show  how  the 
magnetic  force  decreases  near  the  origin,  while  the  electric  force 
grows  and  the  waves  already  thrown  off  spread  away.  The 
change  of  magnetic  force  between  figures  4  and  5 , is  so  rapid, 
that  a  few  dashed  lines,  showing  interpolated  positions,  are 
introduced  to  show  how  it  proceeds.     It  will  be  observed  how  a 
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hollow  comes  in  the  line  showing  electric  force,  which  gradually 
increases,  and,  crossing  the  line  of  zero  force  at  about  a  quarter 
of  a  wave-length  from  the  origin,  is  the  source  of  the  electric 
wave,  which,  starting  with  this  odds,  picks  up  and  remains 
thenceforward  coincident  with  the  magnetic  wave.  From  this 
origin  of  electric  waves  they  spread  out  along  with  the  magnetic 
waves,  and  in  towards  the  origin,  to  be  reproduced  again  from 
this  point  on  the  next  vibration.    These  electric  and  magnetic 


forces  here  shown  as  coincident  are,  of  course,  in  space  in  direc- 
tions at  right  angles  to  one  another  as  already  explained.  The 
corresponding  diagrams  for  a  magnetic  oscillator  are  got  by 
interchanging  the  electric  and  magnetic  forces. 

A  further  experiment  was  shown  to  illustrate  how  waves 
of   transverse   vibration  can  be  propagated  along  a  straight 

T2 
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hollow  vortex  in  water.  It  was  stated  that  what  seemed  a 
possible  theory  of  ether  and  matter  was  that  space  was  full  of 
such  infinite  vortices  in  every  direction,  and  that  among  them 
closed  vortex-rings  represented  matter  threading  its  way 
through  the  ether.  This  hypothesis  explains  the  dififerences 
in  Nature  as  differences  of  motion.  If  it  be  true,  ether, 
matter,  gold,  air,  wood,  brains  are  but  different  motions. 
Where  alone  we  can  know  what  motion  in  itself  is,  that  is,  in 
our  own  brains,  we  hnxyw  nothing  but  thought  Can  we  resist 
the  conclusion  that  all  motion  is  thought  ?  Not  that  contra- 
diction in  terms,  unconscious  thought,  but  living  thought; 
that  all  Nature  is  the  language  of  One  in  whom  we  live, 
and  move,  and  have  our  being. 
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ON  THE  DRIVING  OF  ELECTR03IAGNETIC  YTBIIATIONS 
BY  ELECTROMAGNETIC  AND  ELECTROSTATIC  EN- 
GINES. 

[From  Nature^  February  11,  1892.    Bead  before  the  Physical  Society, 

January  22,  1892.] 

Thb  author  pointed  out  that  as  the  electromagnetic  vibrations 
set  up  by  Leyden  jar  or  condenser  discharges  die  out  very 
rapidly,  it  was  very  desirable  to  obtain  some  means  whereby 
the  vibrations  could  be  maintained  continuously.  Comparing 
such  vibrations  with  those  of  sound,  he  said  the  jar  discharges 
were  analogous  to  the  transient  sound  produced  by  suddenly 
taking  a  cork  out  of  a  bottle ;  what  was  now  required  was  to 
obtain  a  continuous  electromagnetic  vibration  analogous  to  the 
sound  produced  by  blowing  across  the  top  of  a  bottle-neck.  In 
other  words,  some  form  of  electric  whistle  or  organ-pipe  was 
required.  These  considerations  led  him  to  try  whether  electro- 
magnetic vibrations  could  be  maintained  by  using  a  discharging 
circuit  part  of  which  was  divided  into  two  branches,  and  placing 
between  these  branches  a  secondary  circuit  tuned  to  respond 
to  the  primary  discharge.  This  did  not  prove  successful,  on 
account  of  there  being  nothing  analogous  to  the  eddies  produced 
near  an  organ-pipe  slit.  The  analogy  could,  he  thought,  be  made 
more  complete  by  utilizing  the  magnetic  force  of  the  secondaiy 
to  direct  the  primary  current  first  into  one  of  the  two  branches 
and  then  into  the  other.  If  spark-gaps  be  put  between  two 
adjacent  ends  of  the  branches  and  the  main  wire,  then  the 
magnetic  eflect  of  the  secondary  current  should  cause  the  spark 
to  take  the  two  possible  paths  alternately.    Electrically-driven 
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tuning-forks  and  vibrating  spirals  were  cases  in  which  magnetic 
forces  set  up  vibrations,  but  here  the  frequency  depended  on  the 
properties  of  matter,  and  not  on  electrical  resonance.  The 
frequency  of  delicate  reeds  could,  however,  be  controlled  by 
resonance  cavities  with  which  they  were  connected,  and  he  saw 
no  reason  why  the  same  action  could  not  be  imitated  electro- 
magnetically,  using  an  electric  spark  as  the  reed.  Beferring 
to  the  properties  of  iron  in  connexion  with  electromagnetic 
vibrations,  he  pointed  out  that  a  prism  of  steel  1  millimetre 
long  had  a  period  of  longitudinal  vibration  of  about  one-millionth 
of  a  second,  and  as  this  was  comparable  with  the  rates  of 
electromagnetic  vibrations,  the  immense  damping  effect  which 
iron  had  on  such  vibrations  might  be  due  to  the  setting  up 
of  sound  vibrations  in  the  material  Other  methods  of  driving 
electromagnetic  vibrations  had  suggested  themselves  in  the 
shape  of  series  dynamos  or  alternators.  The  polarity  of  a  series 
dynamo  driving  a  magnetic  motor  would,  under  certain  circum- 
stances, reverse  periodically,  and  thus  set  up  an  oscillatory 
current  in  the  circuit.  Similar  effects  can  be  got  from  series 
dynamos  charging  cells  or  condensers.  In  an  experiment  made 
two  weeks  before,  with  Plante  cells  and  a  Gramme  dynamo, 
reversals  occurred  every  fifteen  seconds.  Greater  frequencies 
might  be  expected  with  condensers.  The  latter  case  he  had 
worked  out  theoretically.  He  had  also  tried  experiments  with 
Leyden  jars  and  a  dynamo,  but  got  no  result.  Tlus  might  have 
been  expected,  for  the  calculated  frequency  was  such  as  would 
prevent  the  currents  and  the  magnetism  penetrating  more  than 
skin  deep.  Calling  the  quantity  of  electricity  on  the  condenser 
Q,  the  differential  equation  for  a  dynamo  of  inductance  L,  and 
resistance  r,  and  a  condenser  of  capacity  x  is* 

LQ  +  rQ  +  ^  =  -  LQ, 

X 

or  LQ  +  (r  +  L)Q  +  ^  -  0. 

[*  The  sign  of  L  has  been  changed.] 
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If  L  be  =  0,  the  Bolution  of  the  equation  is 


V 


Q  =  Qor««-'cos2r^ 


and  the  rate  of  degradation  of  amplitude  depends  on  the  factor 


c  *^ 


T 
t 


If,  however,  -  L  be  greater  than  r,  the  exponent  of  c  becomes  + , 
and  hence  Q  would  go  on  increasing  until  limited  by  the  satura- 
tion of  the  iron  or  the  increased  resistance  of  the  conductors 
due  to  heating.  A  dynamo  without  iron,  provided  one  could 
be  made  to  run  fast  enough  to  send  a  current  through  itself, 
would  be  likely  to  give  the  desired  effect.  The  author  thought 
that  by  making  such  a  dynamo  large  enough  and  its  armature 
very  long,  it  would  be  possible  to  get  a  frequency  of  about  one 
million.  Electrostatic  machines  seem,  however,  to  be  more 
promising  driving  agents.  Like  series  dynamos,  their  polarity 
depends  on  the  initial  charge  and  can  be  easily  reversed. 
Hitherto  such  machines  have  been  inefficient  mainly  on  account 
of  the  sparking  in  them,  but  Maxwell  had  shown  how  this 
could  be  obviated.  There  was  the  same  kind  of  diflference 
between  electromagnetic  and  electrostatic  machines  as  between 
Hero's  engine  and  the  modern  pressure  engine.  like  modem 
engines  electrostatic  machines  worked  by  varying  capacity,  but 
the  effect  of  this  variation  in  electrostatic  machines  was  only  to 
vary  the  frequency  and  not  the  rate  of  degradation.  From  the 
fact  that  electrostatic  multipliers  could  be  driven  by  alternating 
currents,  he  thought  they  might  be  made  to  drive  alternating 
currents.  If  magnetic  currents  could  be  obtained,  then  electro- 
static engines  would  easUy  be  produced.  In  conclusion  the 
author  described  a  modified  electrostatic  multiplier  which  he 
believed  offered  a  feasible  solution  of  the  problem.  In  this 
machine  the  collectors  were  supposed  joined  to  the  ends  of  the 
\ibrating  circuit,  and  would  therefore  become  +  and  -  alternately. 
Inductors  and  brushes  were  to  be  so  ananged  that  an  insulating 
cylinder  turning   between  them   should   have  many  +  and  - 
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charges  distributed  alternately  round  its  periphery.  By  suit- 
able adjustment  these  charges  could  be  collected  at  the  proper 
instants  so  as  to  keep  up  the  vibration. 

The  chairman,  Prof.  Lodge,  said  the  paper  was  very  sugges- 
tive and  full  of  interesting  points.  The  subject  of  electromagnetic 
vibrations  was  attracting  great  attention  in  America  in  connexion 
with  the  manufacture  of  light  Hertz's  oscillations  die  out  too 
soon  to  be  satisfactory,  for  their  duration  rarely  exceeds  a  thou- 
sandth part  of  the  inter\''al  between  consecutive  discharges.  The 
theory  of  dynamos  charging  condensers  he  considered  extaremely 
interesting,  and  thought  the  fact  that  the  damping  factor  could 
be  changed  in  sign  must  have  tremendous  consequences. 

Dr.  W.  E.  Sumpner  asked  a  question  about  a  method  of 
doubling  frequency  of  alternation  recently  described  by  Mr. 
Trouton,  in  which  the  armature  of  one  alternator  excites  the 
fields  of  a  similar  machine.    Mr.  Trouton  had  said  that  after 
once  doubling  the  frequency  it  was  not  possible  to  go  on 
doing  so.    He  (Dr.  Sumpner)  thought  that  by  adding  other 
machines  the  frequency  could  be  still  further  increased,  and 
gave  a  proof  of   the   fact.      In   reply,  Professor  Fitz  Gerald 
said   that   adding   another  machine    increased   the   frequency 
by  a  given   amount   and  did  not  double  the  preceding  one. 
Hence  to  increase  the  frequency  a  thousand-fold,  a  thousand 
machines  would  be  required,  and  on  this  account  Mr.  Trouton 
considered  it  impracticable.     Prof.    S.   P.  Thompson   thought 
the  paper  very  suggestive,   and   the  acoustic  analogies  very 
interesting.     Melde's  apparatus  was  an  instance  of  doubling 
or  halving  a  frequency.     On  reading  the  title  of  the  paper,  he 
had  expected  hearing  of  a  method  of  maintaining  electromagnetic 
vibrations  by  giving  occasional   impulses  in   some  such   way 
as  that  in  which  a  tuning-fork  could  be  kept  vibrating  by  allowing 
the  hammer  of  a  trembling  bell  to  knock  against  it.     There 
was  another  method  of  intensifying  electric  oscillations  which  he 
had  only  seen  mentioned  in  a  patent  specification  by  Sir  W. 
Siemens,  who  suggested  using  a  series  dynamo  with  a  telegiaph 
cable  to  augment  the  signalling  currents.     On  the  subject  of 
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ironlees  dynamos  he  (Prof.  Thompson)  desired  further  mf ormation. 
Some  years  ago  he  had  made  calculations  and  found  the  speed 
at  which  they  would  require  to  run  was  so  enormous  as  to  be 
beyond  the  range  of  engineering  possibility.  ^Ir.  C.  V.  Boys, 
referring  to  the  author's  suggestion  of  using  an  electric  spark 
with  alternate  paths  to  maintain  vibration,  said  that  he  had 
tried  whether  an  oscillatory  spark  was  displaced  by  a  magnetic 
field,  but  the  displacement,  even  when  photographed  by  a 
revolving  mirror,  was  barely  appreciable.  Prof.  Perry  asked  for 
an  explanation  of  the  term  "  skin-deep  magnetism."  Ho  was 
not  previously  aware  that  Sir  W.  Siemens  had  described  a 
method  of  improving  cable-signalling  by  using  a  series  dynamo. 
He  himself  had  patented  a  somewhat  similar  arrangement.  He 
had  also  made  a  dynamo  without  iron,  but  had  not  got  it  to 
work.  In  reply  to  Prof.  Perry  the  author  of  the  paper  said  that 
in  electromagnetic  vibrations  the  magnetic  force  alternates  so 
rapidly  that  it  could  not  penetrate  far  into  the  field  magnet  of  a 
dynamo  before  it  is  reversed ;  hence  the  magnetism  would  only 
be  skin-deep.  Dr.  Bui'ton  suggested  that  a  commutator  with 
many  segments,  something  like  that  used  by  Mr.  Gordon  in 
his,  researches  on  specific  inductive  capacity,  might  possibly  be 
employed  for  producing  higli  frequencies. 
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THE  VALUE  OF  USELESS  STUDIES 

[From  Naturt^  February  25,  1892.] 

It  is  rather  surprising  that  Prof.  Ayrton  should  indulge  in 
covert  sneers  at  Universities  for  devoting  themselves  to  use- 
less studies.  It  certainly  ill  becomes  one  whose  life  is  bound 
up  with  electrical  science,  which  is  of  such  recent  growth  that 
nobody  can  pretend  to  forget  how  it  owes  its  origin  to  those 
who  studied  it  while  useless.  If  Universities  do  not  study 
useless  subjects,  who  will  ?  Once  a  subject  becomes  useful,  it 
may  very  well  be  left  to  schools  and  technical  colleges,  to  patent- 
mongers,  and  the  trade.  Mr.  Bury  is,  on  the  other  hand, 
mistaken  in  two  respects.  That  a  subject  is  useless  is  hardly 
worth  considering  as  a  recommendation  for  its  being  made 
compulsory  on  students.  There  are  too  many  useless  subjects 
for  that.  The  great  objection  to  compulsory  Greek  is  that  it  is 
the  principal  stumbling-stone  in  the  way  of  any  literature  being 
studied  by  ordinary  University  students.  The  Bible  produced 
very  little  efifect  until  it  was  read  in  translations ;  and  the 
danger  of  a  pagan  revival,  if  ancient  literature  were  studied 
without  the  obstruction  of  difficult  languages,  is  the  best  reason 
for  insisting  on  these  languages  in  a  Christian  University.  The 
second  mistake  of  Mr.  Bury  is  that  it  is  any  part  of  the  business 
of  a  University  to  teach.  Universities  should  certainly  give 
facilities  for  students  to  learn.  It  is  the  business  of  the  students 
to  learn.  If  they  are  so  ill  prepared  that  they  have  not  acquired 
the  art  of  learning,  they  should  go  to  a  college  or  school  or 
private  teachers,  and  get  taught ;  for  teaching  is  the  business 
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of  these  institutions  and  persons.  The  business  of  Universities 
is  to  advance  culture  and  knowledge,  and  to  afford  students  an 
opportunity  of  learning  how  to  do  this.  Prof.  Ayrton,  by 
omission,  rather  than  by  commission,  seems  utterly  unable 
to  appreciate  the  value  of  literature  for  its  own  sake.  How 
can  all  this  fierce  toil  he  extols  so  justly  advance  a  lot  of 
savages? 
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U.  POINCABE  Ain)  MAXWELL 
[From  Naturt,  April  7,  1892.] 

In  his  recent  treatise  "Electricity  et  Optique,"  M.  Poincar^ 
professes  to  give  a  description  of  Maxwell's  theories  of  electro- 
magnetic actions.  M.  Poincard  appears  to  think  that  Mossotti's 
theory  is  consistent  with  and  differs  but  little  from  Maxwell's. 
On  this  Maxwell  says  (§  62) : — "  The  theory  of  direct  action  at 
a  distance  is  mathematically  identical  with  that  of  action  by 
means  of  a  medium  .  . .  pro\^ded  suitable  hypotheses  be  intro- 
duced when  any  difficulty  occurs.  Thus  Mossotti  has  deduced 
the  mathematical  theory  of  dielectrics  from  the  ordinary  theory 
of  attraction."  Maxwell  anyway  repudiated  Mossotti's  theory. 
M.  Poincard  introduces  a  "  fluide  inducteur "  as  the  name  of 
a  thing  displaced  in  the  dielectric,  when  what  Maxwell  calls 
electric  displacement  occurs.  This  is  all  very  well.  It  is  any- 
way not  inconsistent  with  Maxwell,  even  though  Maxwell  says 
distinctly  that  he  does  not  know  what  the  change  of  structure 
is  like  which  he  calls  electric  displacement.  It  might  be  a 
bending  or  twisting  or  lots  of  things,  but  M.  Poincard  is 
partially  justified  in  fixing  the  idea  thus.  He  calls  this  "  fluide 
inducteur  "  elastic,  though  at  the  same  time  he  calls  it  incom- 
pressible. It  is  not  quite  clear  what  "  fluide  "  means  here.  M. 
Poincard  certainly  observes  that  the  elasticity  of  the  "fluide 
inducteur  "  is  quite  difterent  from  that  of  material  bodies,  and 
in  fact  acknowledges  that  it  is  such  as  can  hardly  be  fairly 
attributed  to  an  incompressible  fluid.  Indeed,  how  can  an  in- 
compressible fluid  be  elastic  at  all  ?    There  must  be  something 
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the  fluid ;  there  must  be  some  stractore  fixed  in  space 
which  offers  an  elastic  reaction  to  the  fluid  when  driven  past 
it,  or  else  there  must  be  the  two  liquids  he  objects  to  that 
are  driven  past  one  another.  It  is  hardly  a  fair  representation 
to  talk  of  an  dastie  incompressible  fixiid,  and  then  to  invent 
difSculties,  when  the  phenomena  could  not  confessedly  be 
represented  by  any  such  thing,  but  only  by  a  fluid  with  some 
other  mechanism  superadded. 

M.  Poincar^'s  statement,  "  La  m^thode  pr^cedente  n'est  pas 
la  seule  que  Ton  puisse  employer  pour  d^uire  de  la  th&)rie  de 
Maxwell  les  lois  de  la  distribution  ^Icctrique,"  coupled  with  his 
furtlier  statement  of  "  une  autre  m^thode  . . .  sans  supposer 
Texistence  de  ce  fluide,"  seems  at  vaiiance  with  his  implication 
that  this  elastic  incompressible  fluid  is  part  of  or  involved  in 
Maxwell's  theory. 

This  leads  to  the  question  of  how  far  Mossotti's  theory 
can  fairly  be  considered  as  a  substitution  for  or  as  a  develop- 
ment of  Maxwell's.  It  does  not  in  any  real  sense  get  over 
action  at  a  distance.  There  are  the  horrid  old  electrical  charges 
acting  upon  one  another  across  a  space  full  of  some  non-conduct- 
ing medium.  This  is  practically  no  advance  as  far  as  a  theory 
of  electrical  action  is  concerned.  It  is  an  advance  no  doubt  as 
far  as  the  behaviour  of  the  medium  is  concerned,  inasmuch  as 
it  enables  a  time-propagation  through  space  to  occur ;  but  as  a 
theory  of  electric  action  it  is  a  distinctly  retrograde  step  on 
Maxwell's  scientific  position  that  he  did  not  know  what  was 
the  structure  of  the  ether. 

M.  Poincar(5  proceeds  to  criticise  Faraday's  theory  of  the 
stresses  in  the  dielectric,  whicli  he  attributes  to  Maxwell. 
He  begins  by  suggesting  that  the  forces  should  have  been 
explicable  by  the  elasticity  of  the  inductive  fluid,  in  the  same 
way  as  mechanical  forces  are  due  to  the  elasticity  of  matter. 
He  has  in  this  quite  forgotten  that  what  he  calls  the  elasticity 
of  this  fluid,  is  not  a  bit  like  the  elasticity  of  any  matter, 
and  would  require  either  a  second  fluid,  which  he  rejects,  or 
some  structure  other  than  the  fluid,  to  explain  its  properties. 
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Granting  such  an  additional  structure,  then  the  elastic  energy 
of  the  medium,  fluid  and  structure  combined,  does  exactly  explain 
the  motions  of  conductors.  Nobody  has  explained  exactly  hmv 
conductors  differ  from  non-conducting  space  in  structure,  and 
can  or  do  move,  and  this  is  not  a  bit  clearer  on  Mossotti's  hypo- 
thesis than  on  any  other,  not  even  when  the  non-conducting 
diaphragms  are  made  infinitely  thin,  ilaxwell  long  ago  pointed 
out  that  no  linear  system  of  stress  could  leave  a  medium  in 
equilibrium  and  move  bodies  immersed  in  it ;  and  yet  M.  Poin- 
cari criticises  Faraday's  system  because  it  is  not  linear;  and 
this  after  remarking  himself  that  the  elasticity  postulated 
already  was  not  a  bit  like  that  of  matter.  All  that  is  necessary 
is  some  assumption  as  to  the  connexion  between  the  conducting 
matter  and  the  dielectric,  for  the  "  fluide  inducteur  "  by  hypo- 
thesis has  elastic  properties  that  make  it  the  seat  of  the  right 
amount  of  potential  energy ;  and  all  that  can  possibly  be 
necessary  is  to  connect  the  matter  with  it  in  such  a  way  that 
the  energy  of  the  mediimi  lost  when  the  conductor  moves  is 
given  up  to  the  conductor.  M.  Poincari  has  again  omitted  to 
remember  that  the  peculiar  elasticity  of  the  "  fluide  inducteur  " 
necessitates  some  structure  with  which  it  is  connected,  and  the 
Faraday  stress  may  be  in  this  structure,  and  due  to  its  connexion 
with  the  "fluide  inducteur,"  and  not  at  all  due  to  another 
fluid  with  peculiar  properties.  If  the  stresses  are  due  to  the 
connexions  of  the  "  fluide  inducteur  "  there  is  no  great  difficulty 
in  supposing  them  proportional  to  the  squares  of  the  displace- 
ments of  the  "  fluide  inducteur,"  just  as  the  increased  tension  of 
a  stretched  horizontal  string  due  to  a  small  weight  at  its  centre 
is  proportional  to  the  square  of  this  weight.  In  fact,  a  suggested 
model  working  upon  this  sort  of  principle  has  been  published  as 
illustrating  this  very  point,  and  Dr.  Lodge's  model  ethers,  in 
.the  first  part  of  his  "  Modern  Views,"  are  all  of  this  kind. 

M.  Poincare  proceeds  to  find  "  ime  difficult^  plus  grave." 
He  creates  this  by  assuming  that  the  energj'  of  the  medium  is 
all  due  to  the  work  done  by  these  mechanical  stresses  deform- 
ing it.    This  is  a  most  gratuitous  assumption.    Take  the  case  of 
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the  stretched  string  with  the  weight  on  it.  The  increased 
energy  of  the  system  is  not  due  only  to  the  work  done  by 
the  increased  tension.  At  last  he  confesses,  however,  that  if 
the  energy  in  the  dielectric  be  kinetic  and  not  potential  these 
difiBculties  would  disappear.  ''  Alais  on  ne  pent  encore  adopter 
cette  interprdtation  de  la  pensde  de  Maxwell  sans  se  heurter  k 
de  grandes  diflBcult^"  And  why  ?  Merely  because  Maxwell 
afterwards  calls  the  electric  energy  potential  while  he  calls  the 
magnetic  energy  kinetic.  Has  M.  Poincard  forgotten  that 
potential  energy  may  in  any  case  be  the  kinetic  energy  of  an 
associated  system  ?  or  can  he  not  imagine  two  modes  of  motion 
of  the  same  medium  ?  Anyway,  if  the  potential  energy  may  be 
the  kinetic  energy  of  an  associated  system,  and  if  M.  Poincar^'s 
difficulties  are  inapplicable  to  a  kinetic  explanation  of  the 
phenomena,  it  seems  impossible  but  that  they  are  really  in- 
applicable to  a  potential  system  if  tliis  system  be  judiciously 
devised.  It  is  just  here  that  M.  Poincari  fails.  He  re^^els  in 
elastic  fluids,  and  yet  he  continually  harps  upon  the  same 
difficulty — ^namely,  "  How  can  an  incompressible  liquid  be 
elastic  at  all  ? " — and  instead  of  once  for  all  solving  this  by 
acknowled^ng  that  there  must  be  some  stnicture,  he  reverts 
to  it  as  if  it  were  a  new  difficulty  whenever  he  comes  acres** 
its  consequences. 

As  a  mathematical  work  the  book  is  admirable  and  clear, 
if  a  little  prolix. 
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AN  ESTIMATE  OF  THE  RATE  OF  PBOPAOATIOIT  OF 

MAGNETIZATION  IN  IRON. 

[From  Na^r$^  August  10, 1892.    Abstract  of  Brit,  Jmoc,  ptper.] 

Assuming  that  the  iron  is  constituted  of  a  system  of  little 
magnets,  and  with  possible  assumptions  as  to  the  size  of  these 
magnets  and  their  strength,  it  is  found  that  their  natural 
rate  of  vibration  may  be  one  hundred  millions  per  second. 
Unless  the  period  of  the  vibration  propagated  through  the  iron 
approximates  to  this,  the  wave-lengths  would  be  very  small; 
while  quicker  vibrations,  with  periods  like  those  of  light,  would 
not  be  propagated  at  all. 
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UNIVERSITIES  AND   RESEAECH 
[From  ATiImiv,  December  1, 1892.] 

At  the  discussion  in  Edinburgh  on  the  proposed  National 
Laboratory,  Lord  Kehin  and  Sir  George  Stokes  took  marked 
exception  to  my  contention  that  the  primary  business  of 
Univei-sities  was  research,  contending  that  it  was  teaching.  In 
a  sense  their  contention  is  time,  but  not  in  contmdistinction 
to  my  contention.  The  distinction  would  hardly  be  worth 
fighting  over  were  it  not  that  they  took  up  the  fui-ther  ground 
that  only  those  researches  should  be  engaged  in  in  Universities 
which  were  likely  to  interest  the  students.  Of  course  the 
leaders  of  science  can  if  they  choose  sell  the  gi*eat  birthright  of 
Universities  for  a  mess  of  fees,  but  I  hope  they  will  not  be 
permitted  to  do  so  without  protest.  ^V^lat  Wew  the  democracy 
take  of  Universities  is  of  the  veiy  last  importance  with  our 
democratic  institutions;  and  I  trust  all  those  who  have  the 
welfare  of  the  nation  at  heart  will  pi-otest  against  the  Universi- 
ties being  turned  into  coach-houses.  In  this  connexion  it  is  most 
important  to  bear  in  mind  the  distinction  between  the  functions 
of  Universities  and  those  of  schools  and  colleges.  The  function 
of  these  latter  is  primarily  to  teach  those  who  i-esort  to  them. 
The  function  of  the  Uiiivereity  is  primarily  to  teach  mankind.  In 
former  days,  when  the  means  for  distributing  information  were 
very  imperfect,  students  used  to  flock  from  all  sides  to  learn 
directly  from  a  great  mind.  Nowadays  the  great  mind  distri- 
butes his  teaching  l)roadcast.  In  old  days  the  oidy  way  to 
learn  what  was  being  done  to  advance  knowledge  was  to  go 

u 


290  Universities  and  Research  [1892 

to  the  place  where  knowledge  was  being  advanced.  Nowadays 
we  read  the  Transactions  of  our  learned  societies  at  home.  But 
at  all  times  the  greatest  men  have  always  held  that  their 
primary  duty  was  the  discovery  of  new  knowledge,  the  creation 
of  new  ideas  for  all  mankind,  and  not  the  instruction  of  the 
few  who  found  it  convenient  to  reside  in  their  immediate 
neighbourhood.  Not  that  I  desire  to  minimize  the  immense 
importance  of  personal  influence,  it  is  overwhelming ;  but  it  is 
a  question  quite  beside  the  one  at  issue,  which  is  whether  the 
advance  of  knowledge  by  research,  and  the  teaching  of  the 
whole  nation  by  the  discoveries  made,  is  not  the  primary  object 
of  Universities  rather  than  the  instruction  of  the  few  students 
who  gather  in  their  halls:  that  is  the  real  question  at  issue 
between  Lord  Kelvin,  Sir  George  Stokes,  and  myself.  Are  the 
Universities  to  devote  the  energies  of  the  most  advanced 
intellects  of  the  age  to  the  instruction  of  the  whole  nation, 
or  to  the  instruction  of  the  few  whose  parents  can  afford 
them  an — ^in  some  places  fancy — education  that  can  in  the 
nature  of  things  be  only  attainable  by  the  rich? 

In  view  of  the  discussion  upon  the  proposed  Teaching 
University  for  London  it  is  to  be  hoped  that  these  things  will 
not  be  overlooked  amid  the  local  questions  and  rival  institu- 
tions. It  is  to  be  hoped  on  the  one  hand  that  those  who  will 
have  the  privilege  of  learning  in  the  greatest  city  in  the  world 
will  not  be  deprived  of  the  personal  influence  of  its  greatest 
men,  by  relegating  these  to  some  haven  of  laboratories  where  no 
bracing  breath  of  students  shall  interfere  with  the  inmates.  On 
the  other  hand  it  is  to  be  hoped  that  London  will  so  far  honour 
itself  as  not  to  be  content  until  it  sees  its  University  a  centre 
of  thought  and  investigation,  from  which  shall  radiate  new  ideas 
and  discoveries  to  enlighten  and  benefit  the  whole  nation. 
Before  I  close  there  is  a  matter  of  great  importance  to  which  I 
fear  sufficient  importance  is  not  attached  by  those  who  are 
directing  this  matter,  and  that  is  the  great  objections  there  are 
to  mixing  up  Universities  and  Colleges  with  examining  boards. 
We  here  in  Trinity  College,  Dublin,  suffer  very  much  from  the 
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&ct  that  a  considerable  number  of  our  students  never  reside 
here,  but  only  come  over  for  periodical  examinations.  We  only 
suffer  in  one  way;  while  if  London  adopted  this  abominable 
arrangement  it  would  suffer  in  two  ways.  We  suffer  because 
our  degree  is  much  less  valued  than  it  would  be  if  all  our 
students  were  compelled  to  reside.  All  our  students  have  not 
that  education,  got  by  friction  with  their  fellows  and  by  contact 
with  trained  intellects,  which  no  examination  can  test,  and 
which  is  such  a  valuable  training;  and  in  consequence  our 
degrees  are  the  less  valuable.  London  would  suffer  in  this  way, 
and  it  is  a  very  serious  way  too.  In  addition  to  this,  London 
would  suffer  from  the  inordinate  importance  that  would  be 
attached  to  extern  examiners  if  the  University  examined  Lon- 
don and  extern  students.  So  far  we  have  escaped  this  danger ; 
but  it  is  inevitable  in  London  because  the  extern  element  there 
would  be  large,  influential,  and  organized,  while  with  us  it  is  of 
little  strength.  The  result  would  be  to  perpetuate  and  intensify 
that  hoiTible  teaching  for  examinations  which  is  so  necessary  an 
evil  in  the  case  of  the  majority  of  students,  but  from  which  the 
leaders  of  thought  should  be  exempt.  It  matters  not  that  the 
syUabus,  nor  even  that  the  very  questions,  are  approved  by  the 
professor,  if  the  examination  is  conducted  to  any  serious  extent 
by  an  independent  mind.  The  student  will  seek  a  coach,  who 
will  probably  teach  him  very  well  indeed,  but  whose  whole  view 
of  learning  will  be  of  the  passing-au-examination  type,  and  who 
will  infect  his  pupil  with  this  miserable  disease.  Gradually 
the  professor  himself  will  be  involved  in  the  vortex,  and  the 
whole  University  will  come  to  look  upon  the  passing  of 
examinations  as  the  end  of  life  for  students;  and  this  is  the 
acme  of  coaching  and  the  bathos  of  education. 
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HEAVISIDE'S  ELECTRICAL  PAPERS* 

[From  Th$  EieetrieiaH  of  August  11,  1893.] 

These  volumes  consist  principally  of  reprints  of  Papers  published 
in  the  Electrician,  and  in  the  Philosophical  Magazine,  and  other 
papers  at  various  dates  since  1872  and  up  to  1892.  In  the 
Preface  Mr.  HeaWside  ventures  on  a  most  unnecessary  apology 
for  publishing  them.  They  are  much  too  valuable  scientifically, 
practically,  and  historically  to  be  left  buried  discontinuously  in 
a  variety  of  serials.  The  editors  of  the  Electrician  are  to  be  most 
particularly  commended  for  their  public  spirit  in  publishing 
such  long  series  of  Papers  which  can  only  have  been  interesting 
to  a  small  minority  of  their  readers,  but  which  were  so  principally 
because  the  Papers  were  pioneers  in  the  subject  they  treated  of. 
The  Papers  are  valuable  scientifically  because  they  contain 
a  consistent  and  sound  method  of  attacking  electromagnetic 
problems  in  consonance  witli,  and  in  extension  of,  Maxwell's 
theory,  and  because  they  contain  very  valuable  scientific  results 
deduced  by  this  method  from  tliis  theory.  The  Papers  are 
valuable  practically  because  they  teach  a  sound  theory  of 
telegraphs  and  telephones,  and  of  other  matters,  such  as  induction 
balances,  which  has  already  resulted  in  Prof.  S.  P.  Thompson's 
patent  for  increasing  induction  in  telegraph  wires,  and  which, 
there  is  every  prospect,  may  lead  to  vast  improvements  in 
telegraphy  and  telephony,  and  may  even  make  it  possible  to 
work  a  telephone  across  the  Atlantic.  The  Papers  are  valuable 
historically  as  being  a  most  interesting  record  of  the  development, 
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of  methods,  and  scientific  views  of  nature,  in  an  extraordinarily 
acute  and  brilliant  mind. 

Many  complain  that  Browning  is  unintelligible.  Some  say 
that  he  writes  nonsense.  His  admirers  worship  him.  Oliver 
Heaviside  has  the  faults  of  extreme  condensation  of  thought,  and 
a  peculiar  facility  for  coining  technical  terms  and  expressions 
that  are  extremely  puzzling  to  a  reader  of  his  Papers.  So 
much  so  that  there  seems  very  little  hope  he  will  ever  attain 
the  clarity  of  some  writers,  and  write  a  work  that  will  be  easy 
to  read.  '  In  his  most  deliberate  attempts  at  being  elementary, 
he  jumps  deep  double  fences  and  introduces  short-cut  expres- 
sions that  are  woeful  stumbling-blocks  to  the  slow-paced  mind 
of  the  average  man,  when  reasoning  about  concepts  that  he 
(the  average  man)  is  not  very  familiar  with.  Combined  with 
this  is  a  delightful  freshness  of  illustration  and  brusqueness 
of  expressi6n  that  makes  some  parts  of  his  Papers  very  lively 
reading  indeed.  For  example,  in  connexion  with  the  nature  of 
matter,  he  says :  "  Even  if  we  resolve  all  matter  into  one  kind, 
that  kind  will  need  explaining.  And  so  on,  for  ever  and 
ever  deeper  down  into  the  pit  at  whose  bottom  truth  lies, 
without  ever  reaching  it.  For  the  pit  is  bottomless."  These 
personal  characteristics  of  style  increase  very  much  the  his- 
torical value  of  this  reprint.  It  is  this  historical  value  that 
compensates  very  largely  for  the  considerable  amoimt  of 
repetition  which  makes  the  work  longer  than  a  connected  new 
work  on  the  subjects  included  in  the  Papers  would  be.  The 
repetition  is  largely  due  to  the  way  in  which  the  Papers  were 
published  in  various  serials  and  in  several  series.  In  each 
much  preliminary  ground  had  to  be  gone  over,  in  order  to  make 
the  succeeding  extensions  intelligible  to  those  who  might  not 
have  seen  the  preceding  series.  Repetition  in  a  minor  degree 
arises  from  the  development  of  method  that  was  proceeding  in 
the  author's  mind,  and  that  required  former  results  to  be 
retrieved  in  the  light  of  improved  methods  and  advanced 
results. 

It  will  be  convenient  to  divide  the  consideration  of  those 
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Papers  into  remarks  on  the  author's  methods,  on  the  theories 
he  has  developed,  on  the  practical  applications  of  those  theories^ 
and  on  the  innumerable  questions  as  to  the  nature  of  things 
which  he  raises. 

The  great  advance  in  method  that  the  author  has  made  \& 
due  to  his  consistently  following  out  the  principles  that  Maxwell 
laid  down  in  accordance  with  Faraday's  ideas  as  to  the  nature 
of  electromagnetic  actions.  Maxwell  had  clearly  pointed  out 
that  the  state  of  the  ether  at  each  point  depended  upon  the 
electric  and  magnetic  forces  there,  and  upon  the  electric  and 
magnetic  displacements  they  produced.  Maxwell,  like  every 
other  pioneer  who  does  not  live  to  explore  the  country  he  opened 
out,  had  not  had  time  to  investigate  the  most  direct  means  of 
access  to  the  country,  or  the  most  systematic  way  of  exploring 
it  This  has  been  reserved  for  Oliver  Heaviside  to  do.  MaxweU's 
treatise  is  cumbered  with  the  d&yris  of  his  brilliant  lines  of 
assault,  of  his  entrenched  camps,  of  his  battles.  Oliver 
Heaviside  has  cleared  those  away,  has  opened  up  a  direct  route, 
has  made  a  broad  road,  and  has  explored  a  considerable  tract  of 
coimtiy.  This  maze  of  symbols,  electric  and  magnetic  potential, 
vector  potential,  electric  force,  current,  displacement,  magnetic 
force,  and  induction,  have  been  practically  reduced  to  two, 
electric  and  magnetic  force.  Other  quantities  it  may  be 
convenient,  for  the  sake  of  calculation,  to  introduce,  but  they 
tell  us  but  little  of  the  mechanism  of  electromagnetism.  The 
duality  of  electricity  and  magnetism  was  an  old  and  familiar 
&ct  The  inverse  square  law  applied  to  both ;  every  problem 
in  one  had  its  counterpart  in  the  other.  Oliver  Heaviside 
had  extended  this  to  the  whole  of  electromagnetics.  By  the 
assumption  of  the  possibility  of  magnetic  conduction  he  has 
made  all  the  equations  symmetrical.  Every  mathematician  can 
appreciate  the  value  and  beauty  of  this.  Can  anyone  be  sure 
that  the  ether  does  not  ultimately  yield  to  magnetic  force? 
Can  we  be  sure  that  there  is  absolutely  nothing  corresponding 
to  that  diffusion  of  strain  that  exists  in  almost  every  solid  ? 
Can  we  assert  positively  that  there  is  no  diffusion  of  motion^ 
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such  as.  Lord  Kelvin  has  pointed  out,  interferes  seriously  with 
vortex  hypotheses  as  to  the  structure  of  the  ether  ? 

In  addition  to  this  he  has  done  his  best  to  popularize  vector 
analysis.  For  what,  to  those  familiar  with  Hamilton's  notation, 
seem  very  insufficient  reasons,  he  has  sacrificed  a  great  deal  of 
what  was  valuable  in  Hamilton's  methods.  In  order  to  avoid  a 
negative  sign  and  the  occasional  use  of  £,  he  has  given  up  the 
vector  interpretation  of  his  symbols.  He  was  driven  to  this 
apparently  by  the  semi-metaphysical  foundations  upon  which 
Hamilton  based  his  system,  which,  however,  can  be  based  upon  a 
series  of  definitions  just  as  easily  as  l^Ir.  Hea^iside's  own  systent 
That  one  who  works  with  sin,  cos,  tan,  cotan,  sec,  cosec,  sinh, 
cosh,  tanh,  cotanh,  sech,  cosech,  /o  (7«r),  etc,  etc.,  should  be 
troubled  by  a  S  and  a  -  sign  seems  too  incredible  for  this  latter 
reason  to  have  really  influenced  him ;  but  there  is  no  difficulty 
in  understanding  how  one  who  is  so  constantly  requiring  to  see 
clearly  how  his  s}inbols  represent  the  facts,  should  luivo  been 
deterred  by  a  semi-metaphysical  basis  from  resting  on  another 
man's  foundation,  and  should  have  invented  a  system  for  himself 
with  a  foundation  that  he  clearly  understood 

Kunning  through  a  good  deal  of  his  work,  and  coming  to  a 
definite  suggestion  in  the  last  volume,  is  the  question  of  units 
of  measurement  That  eternal  47r  troubled  him  a3  it  has 
troubled  everybody  else.  It  is  nearly  true  that  the  only  rule  for 
introducing  it  is  to  consider  carefully  whether  it  should  be  in  or 
no,  and  having  come  to  the  conclusion  that  it  should  not  be  in, 
then  immediately  introduce  it.  It  is  to  be  regretted  that  we 
inherit  the  misfortunes  of  our  ancestors,  and  that  electrical  and 
magnetic  phenomena  were  known  before  electromagnetic  ones, 
and  that  thus  the  47r  came  in  so  unfortunately ;  but  there  is  too 
much  capital  sunk  in  the  present  system  for  it  to  have  any  chance 
of  changing.  When  people  tolerate  miles  and  furlongs,  and  pecks 
and  bushels  and  barrel*^  and  firkins  and  hogsheads,  etc.,  etc.,  how 
can  they  be  expected  to  get  up  any  enthusiasm  over  the  eviction 
of4ir? 

In  the  theory  of  electromagnetic  phenomena  the  author  has 
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made  great  advances.  He  has  extended  the  theory  of  wave- 
propagation  in  complicated  mediei,  of  waves  along  wires  and  into 
them,  and  of  the  effect  of  the  motion  of  the  medium.  The 
questions  are  too  scientifically  technical  to  enter  into  here,  but 
it  must  not  be  concluded  that  because  they  are  only  shortly 
noticed  that  therefore  they  are  unimportant  In  fact  the 
extension  he  has  given  to  the  theory  of  the  propagation  of 
waves  outside  and  inside  telegraph  wires  is  the  foundation  for 
a  large  part  of  the  most  important  practical  applications 
of  electromagnetic  theory  that  he  has  pointed  out. 

The  most  important  practical  applications  of  his  theory  are 
to  the  use  of  induction  balances,  and  to  the  improvement  of 
tel^raph  and  telephone  lines.  In  this  latter  field  he  is  unique 
as  an  investigator,  and  every  one  of  his  suggestions  is  worthy  of 
the  most  serious  consideration  by  those  who  desire  to  advance 
this  application  of  electromagnetic  energy.  In  this  connexion 
he  has  called  particular  attention  to,  and  worked  out  in  a  very 
complete  manner,  the  penetration  of  the  current  into  the 
conducting  wire,  the  effect  of  the  self-induction  in  neutralizing 
the  evil  effects  of  capacity,  the  effect  of  leakages  in  improving 
signals,and  the  conditions  that  the  terminal  receiving  instruments 
must  fulfil  in  order  that  they  may  not  themselves  introduce 
confusion.  The  effects  of  all  these,  except  leakages,  are  now 
quite  ffiuniliar  to  users  of  alternating  currents,  thanks  in  no 
inconsiderable  degree  to  Mr.  Heaviside.  Long  before  tube 
conductors  were  used  on  the  Deptford  installation  this  theory 
was  worked  out  by  him,  and  equations  given  for  calculating 
how  thick  the  tubes  should  be,  which  should  have  been  usable 
by  properly  educated  practical  electrical  engineers,  or  which 
should  at  least  have  shown  them  that  Mr.  Heaviside  was  the 
person  whom  they  should  consult  upon  such  a  point  Long 
before  Mr.  Ferranti  observed  a,  to  him,  new  rise  of  voltage  in 
London,  Mr.  Heaviside  had  called  attention  to  the  same  thing  in 
connexion  with  telegraph  signals,  and  had  shown  to  what  it 
was  due,  and  on  what  principles  it  could  be  avoided  by  the  use 
of  carefully  designed  receiving  instruments.    Long  before  prac- 


1893]  Heavisidi s  Eleledrical  Papers  297 

tical  engineers  were  at  all  familiar  with  the  way  in  which  capacity 
and  self-induction  produce  opposite  effects  upon  the  difference 
of  phase  between  volts  and  amp6res,  Mr.  Hea^^8ide  had  shown 
how  to  use  this  in  designing  telegraph  cables  in  which  some  of 
the  evil  effects  of  capacity  could  be  to  a  large  extent  neutralized 
by  increasing  the  self-induction.  Before  Prof.  S.  P.  Thompson 
took  out  patents  for  increasing  this  self-induction  lilr.  Heaviside 
had  suggested,  and  had  proved  the  efficiency  of,  putting  iron 
filings  into  the  insulation  of  a  cable,  had  suggested  drawing  a 
double  wire  of  iron  and  copper,  and  had  shown  that,  by  winding 
iron  wire  like  gimp  outside  the  copper  wire,  a  continuous  self- 
induction,  might  be  obtained  which  would  improve  the  efficiency 
of  telegraph  and  telephone  lines.  Everyone  is  familiar  with 
the  way  in  which  self-induction  altei-s  the  impedance  more  and 
more  the  greater  the  frequency.  What  Mr.  Heaviside  has  shown 
is  that  by  a  proper  combination  of  self-induction  and  capacity 
the  effects  on  waves  of  small  frequency  can  be  made  nearly  the 
same  as  on  those  of  large  frequency,  and  that  consequently  speech, 
which  consists  of  a  mixture  of  waves  of  all  sorts  of  frequencies, 
can  be  much  better  transmitted  than  by  a  luie  in  which  either 
capacity  or  self-induction  preponderates.  He  has  further  shown 
that  by  a  proper  regulation  of  leakage  it  is  possible  to  still 
further  improve  articulation.  Telephony,  in  accordance  with 
Mr.  Hea\iside's  predictions,  has  advanced  so  much  of  recent 
years  beyond  what  was  a  few  years  ago  regarded  as  its  limits,  that 
it  confessedly  requires  an  amended  theory.  "When  the  properties 
of  a  line  have  to  be  determined  experimentally,  after  it  has  been 
laid  down,  it  stands  confessed  that  the  theoiy  of  those  who  are 
imable  to  predict  its  behaviour  is  incomplete.  Mr.  Heaviside  is,  by 
the  practically  unanimous  opinion  of  scientific  experts,  and  by  his 
success  as  a  prophet,  pointed  out  as  the  authority  from  whom 
the  amended  theory  comes,  and  who  should  be  consulted  by  all 
those  who  desire  to  improve  telegraphic  signalling.  He  is  a 
scientific  expert  of  the  best  kind  in  those  subjects,  and  it  is  very 
much  to  be  regretted  that  scientific  experts  are,  in  these 
countries,  so  highly  paid  to  advance  causes  and  so  very  seldom 
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paid  to  advance  practice.  The  telegraph  department  has» 
however,  shown  itself  anxious  to  improve  the  means  of  com- 
munication by  applications  of  the  most  recent  scientific  ideas, 
and  it  is  inconceivable  that  any  personal  friction  should  really 
stand  in  the  way  of  the  utilization  of  what  the  Boyal  Society 
fias  crowned  with  a  Fellowship. 

The  questions  of  scientific  and  practical  interest  raised  by 
Mr.  Heaviside  are  innumerable  and  most  suggestive,  as  might 
be  surmised  from  the  acute  and  ingenious  natui'e  of  his  in- 
teUect.  He  has  traversed  the  von  Helmholtz  theory  of  a 
double  electrical  layer  at  the  contact  of  dissimilar  bodies,  and 
Clausius'  theory  as  to  the  Thomson  eflect  being  due  to  change 
of  structure.  This  latter  is  largely  a  question  of  words,  and  of 
the  meaning  of  the  term  "  change  of  structure" ;  and  the  author's 
theory  as  to  the  former  is  surrounded  by  serious  difficulties,  as, 
indeed,  is  every  theory  as  to  the  connexion  of  matter  and 
electricity.  There  are  discussions  as  to  the  internal  energy  of 
a  magnet,  which  are  interesting  in  connexion  with  the  puzzle  as 
to  why  the  self-induction  of  a  circuit  is  independent  of  the 
magnetic  field.  He  raises  questions  as  to  the  equilibrium  of 
the  ether  when  transmitting  radiations,  owing  to  the  pressure 
exerted  by  alternating  currents  upon  conductors,  as  to  the  flow 
of  energy  through  the  ether,  as  to  magnetic  storms  and  earth 
currents  being  connected  with  solar  waves,  as  to  the  rate  of 
subsidence  of  Earth  currents,  as  to  the  behaWour  of  metals  to 
light,  as  to  the  nature  of  lightning  flashes,  as  to  the  efiect  of 
the  motion  of  matter  through  the  ether,  as  to  the  inertia  of 
electric  currents,  and  as  to  many  other  matters.  As  regards 
solar  waves  causing  Earth  currents,  Lord  Kelvin  has  pointed 
out  a  serious  difliculty  in  the  enormous  amount  of  energy  that 
such  a  radiation  would  require,  from  which  it  would  seem  that 
if  magnetic  storms  are  due  to  solar  causes,  they  must  be  con- 
nected either  very  indirectly  with  solar  magnetic  storms,  or 
else  the  electromagnetic  influence  is  confined  to  some  ray  pro- 
jected from  the  Sun,  and  which  happens  to  cross  the  Earth; 
though,  here  again,  it  is  difficult  to  see  how  such  a  ray  can  be 
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produced  unless  it  is  a  projection  of  electrical  ions  in  some  of 
the  outlying  streamers  of  the  corona. 

In  connexion  with  this  matter  of  electromagnetic  waves, 
it  is  interesting  to  observ^e  that  any  moving  body  magnet- 
ized like  the  Earth  is  continually  emitting  waves  and  losing 
some  energy,  though,  in  the  case  of  the  Earth,  an  almost 
infinitesimal  quantity.  It  would  be  interesting  to  consider 
the  problem  of  the  motion  of  two  oppositely  electrified  bodies 
round  one  another.  The  question  would  be  complicated  by 
the  finite  rate  of  propagation  of  the  influence  between  them, 
and  by  the  loss  of  their  energy  by  radiation.  In  view  of 
the  Maxwell  light-pressure,  would  moment  of  momentum 
be  conserved  ?  or  would  the  problem  be  practically  the  Earth- 
Moon  problem  with  tides  absorbing  energy  ?  How  would  the 
aberration  of  the  force  due  to  the  velocities  of  the  bodies 
and  of  the  force  efiect  the  problem?  In  connexion  with  the 
question  of  the  inertia  of  electric  currents  we  owe  it  principally 
to  Mr.  Heaviside  that  he  has  put  away  the  temporary  function 
that  Maxwell  had  introduced  as  the  inertia  of  the  current,  and 
has  concentrated  attention  on  the  magnetic  force  as  the  true 
source  of  what  is  analogous  to  inertia  in  electromagnetic  questions. 
In  view  of  the  duplex  nature  of  electromagnetic  phenomena 
which  Mr.  Heaviside  more  than  anybody  else  has  taught  us  to 
recognize,  it  is  a  little  startling  to  find  him  stating  so  very 
confidently  that  electric  current  has  no  inertia,  while  it  would 
appear  from  this  very  duplex  property  that  we  might  a  priori 
have  attributed  all  the  inertia  to  the  electric  force  and  none  to 
the  magnetic  just  as  satisfaefcorily  as  the  reverse.  It  is  evident, 
however,  that  we  must  know  more  about  the  structure  of  the 
ether,  and  possibly  of  its  connexion  with  matter,  before  we  can 
finally  decide  what  is  the  really  soundest  view  of  the  matter, 
and  that  no  finally  satisfactory  answer  will  be  given  imtil  all 
energy  has  been  explained  as  kinetic  energy. 

Since  Oliver  Heaviside  has  written,  the  whole  subject  of 
electroraagnetism  has  been  remodelled  by  his  work.  No  future 
introduction  to  the  subject  will  be  at  all  final  that  does  not 
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attack  the  problem  from  at  least  a  somewhat  similar  stand- 
point to  the  one  he  puts  forward  It  is  to  be  hoped  that 
some  author  with  a  genius  for  popular  exposition  will  soon 
write  a  ''New  Electromagnetism "  with  action  at  a  distance 
strictly  tabooed,  with  electric  pressure  and  the  displacement  it 
produces  as  the  source  of  the  electric  energy  per  unit  volume 
in  the  ether,  and  with  magnetic  momentum  and  its  accompany- 
ing flow  as  the  source  of  the  magnetic  energy  per  unit  volume 
in  the  ether, — ^with  these  as  the  leading  ideas  of  the  work.  Such 
a  work  would  be  electromagnetism  up  to  date,  and  its  possibiUty 
would  be  largely  due  to  Oliver  Heaviside. 
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ON  THE  PERIOD  OF  VIBRATION  OF  DISTURBANCES  OF 

ELECTRIFICATION  OF  THE  EARTH 

[From  Nature,  September  28,  1893.    Abstract  of  Brit,  Assoc,  paper.] 

The  period  of  oscillation  of  a  simple  sphere  of  the  size  of  the 
Earth,  supposed  charged  with  opposite  charges  of  electricity  at 
its  ends,  would  be  about  ^V^^  ^^  ^  second ;  but  the  hypothesis 
that  the  Earth  is  a  conducting  body  surrounded  by  a  non- 
conductor is  not  in  accordance  with  the  fact.  Probably  the 
upper  regions  of  oui*  atmosphere  are  fairly  good  conductors.  In 
a  Geissler  tube  air  is  a  good  conductor,  and  we  know  that  when 
part  of  a  gas  is  transmitting  an  electrical  disturbance  the  rest 
of  the  gas  in  its  neighbourhood  becomes  capable  of  transmitting 
such  as  well.  Extending  the  analogy,  we  may  assume  that 
during  a  thunderstorm  the  air  becomes  capable  of  transmitting 
small  disturbances.  If  the  Earth  is  surrounded  by  a  conducting 
shell  its  capacity  may  be  regarded  as  that  of  two  concentric 
spheres,  and  is  accordingly  greater  than  that  of  a  simple  sphere, 
which  would  produce  a  corresponding  change  in  the  rate  of 
oscillation.  But  at  the  same  time  the  presence  of  currents  in 
the  outer  air  would  alter  the  self-induction;  and  calculation 
shows  that  the  net  result  is  a  comparatively  slight  change  in 
the  period  of  oscillation.  If  we  assume  the  height  of  the 
region  of  the  auix)ra  to  be  60  miles  or  100  kilometres,  we  get 
a  period  of  oscillation  of  O'l  second.  Assuming  it  to  be  6  miles 
(or  10  km.)  the  period  becomes  0*3  second.*    On  the  Sun  we 

[*  For  the  modes  and  periods  of  free  vibrationi,  propagated  along  tbe  dielectric 
layers  of  condensers,  ef.  Larmor,  Proe,  Lond,  Math,  Soc,  Dec.  1894,  p.  131 ;  for  a 
spherical  condenser  the  fundamental  period  is  that  required  for  radiation  to  traverse 
the  circumference  divided  by  v^2.] 
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might  expect  very  much  greater  periods  of  oscillation;  but 
these  oscillations  would  not  give  rise  to  radiations.  If  alter- 
nating currents  of  the  kind  referred  to  really  travelled  north 
and  south  around  the  Earth,  they  would  give  rise  to  east  and 
west  alternating  magnetic  forces  of  periods  between  -^  and  ^V  ^^ 
a  second.  Dr.  Lodge  has  already  looked  for  evidence  of  such 
magnetic  forces,  but  on  the  assumption  that  the  period  would 
be  -^  second.  The  author  has  calculated  what  magnetic  distur- 
bances would  be  produced  by  given  charges.  A  disturbance 
equal  to  -^  part  of  the  horizontal  force  of  the  Earth  would 
correspond  to  an  electrostatic  charge  of  80  C.6.S.  imits  per  sq. 
cm.  Such  a  charge  would  reduce  the  superficial  pressure  on 
the  Earth  by  an  amount  corresponding  to  a  weight  of  40  gm. 
per  sq.  cm.  This  does  not  sound  probable,  but  we  must  remem- 
ber that  it  would  correspond  to  a  most  fearful  magnetic  storm. 
A  charge  of  8  C.G.S.  units  per  sq.  cm.  would  produce  a  variation 
of  y^  of  H,  and  would  not  sensibly  affect  the  barometer.  The 
records  of  existing  magnetic  observatories  are  not  sufficiently 
complete  to  admit  of  testing  the  other  suggestions  made  in  the 
paper. 

Professor  0.  Lodge  thought  that  the  detection  and  obser- 
vation of  such  magnetic  disturbances  was  work  that  could  only 
be  done  in  a  National  Physical  Laboratory.  If  the  Sun  were  a 
conducting  body  surrounded  by  a  non-conductor,  the  period  of 
an  electrical  oscillation  upon  it  would  be  6  J  seconds.  He  had 
hung  up  a  needle  in  his  laboratory  and  watched  it  for  hours, 
but  the  only  disturbances  observed  were  due  to  trains  and 
traffic.  He  pointed  out  that  the  electric  vibrations  of  a  mole- 
cule, calculated  from  its  size,  were  more  rapid  than  those 
required  to  produce  light.  He  suggested  the  addition  of  a 
jacket  like  that  which  Prof.  Fitz  Gerald  assumed  to  exist  around 
the  Earth ;  but  would  this  prevent  radiation  ? 
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SYSTE3IATIC  NOMENCLATUEE 

[Conjoiiitly  with  Dr.  F.  T.  Trouton,  F.R.S.    From  H^otHre^  December  14,  1893.] 

With  reference  to  Prof.  Newcomb*s  suggested  nomenclature 
for  radiant  energy,  which  appeared  in  Nature,  November  30, 
p.  100,  it  seems  adWsable  to  be  rather  cautious  in  adopting 
new  words,  or  rather  terminations  to  words  alieady  more  or 
less  in  use,  for  at  the  i)iesent  time  the  student  beginning  the 
study  of  physical  science  is  fairly  bewildered  with  the  various 
forms  of  words  used  under  the  present  system,  or  rather  want 
of  system,  in  nomenclature. 

If  once  for  all  some  system  of  termination  was  settled  upo 
(as  in  chemistry,  for  the  increasing  oxidation  results,  etc.),  the 
coinage  of  words  as  fresh  needs  arose  would  proceed  automatically 
on  rational  lines. 

This  might  very  well  foim  the  object  of  a  special  committee 
of  the  British  Association. 

Mr.  Oliver  Heaviside's  system  for  electromagnetic  matters 
has  much  to  recommend  itself  for  adoption,  tdso,  in  general 
physica 

For  example,  after  the  plan  (1)  conduction,  (2)  conduc/ancc, 
(3)  conduc^ii;%,  we  would  have,  in  the  case  of  radiant  energy, 
(1)  radiation,  (2)  radia^ancc,  (3)  T^dSsJLiviJty. 

The  first  is  for  reference  in  a  general  way  to  the  pheno- 
menon in  question ;  the  second  refers  to  its  amount  in  appro- 
priate units  in  any  individual  case ;  while  the  third  is  suitable 
for  expressing  the  peculiar  action  or  factor  in  the  phenomenon 
possessed   by   different  kinds  of  bodies.     Thus  the  radiateiicc 
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from  a  hot  kettle  would  be  the  total  quantity  of  energy  lost 
per  second ;  the  radia^mYy  would  be  the  quantity  of  this  per 
square  centimetre. 

With  a  view  of  examining  the  feasibility  of  this  system,  the 
following  list  is  subjoined.  Many  of  the  words  appear  at  fii^st 
as  if  they  would  prove  most  awkward  in  practice ;  but  remember- 
ing similar  fears  (which  subsequently  proved  groundless)  in 
electromagnetic  matters,  one  is  afraid  to  say  they  are  due  to 
more  than  imfamiliarity. 


Phenomena 

Amount  of 

Coefficient  of 

Absorptioii 

AlMorVance 

AbtorldTitj 

Attrition 

Attritance 

AttritiTitj 

Diffusion 

Diffusance 

Diffusivity 

Emission 

Emissance 

Emisaiyity 

Expansion 

Expansivity 

Extension 

Extensance 

ExtensiTity 

Friction 

Frictance 

Frictivity 

GraTitation 

Gravitance 

Gravitivity 

Heat 

Heatance 

Heatiyity 

Inertia 

Ineitance 

Inertivity 

Polarization 

Polarixaoce 

PolarixiTity 

Reflection 

Reflectance 

Reflectivity 

Refraction 

Refractance 

Refractivity 

Rotation 

Rotatonce 

Rotativity 

Solution 

Solutance 

Solutivity 

Special  attention  deserves  to  be  called  to  inertance  as  a 
good  name  for  mass,  and  inertivity  for  density,  to  rotatance 
for  moment  of  momentum,  and  rotativity  for  moment  of 
inertia. 
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ox  THE  RADIATING  POWER  OF  ROUGH  SURFACES 

[From  Xaiure,  December  14,  1893.] 

In  connexion  with  this  eubject  there  are  many  things  to 
be  considered,  and  one  of  the  most  important  is  the  questibn 
of  radiation  and  absoqjtion,  which  requires  a  completely  new 
nomenclature  to  get  over  very  serious  ambiguities  that  at 
present  embarrass  the  subject.  It  is  very  necessary  to  distin- 
guish between  what  may  be  called,  on  Provost's  theory  of 
exchanges,  the  total  radiatance,  from  the  actually  observed  loss 
of  energy  by  radiation,  which  is,  according  to  this  theory, 
the  difference  between  the  total  radiatance  and  the  total 
absorbance.  This  difference  per  degree  of  temperature  is  very 
commonly  called  the  radiating  power,  but  this  same  word  is 
used  in  quite  a  different  sense  when  it  is  attempted  to  prove, 
from  Prevost*s  theory  of  exchanges,  that  the  radiating  is  equal 
to  the  absorbing  power,  by  a  consideration  of  thermal  equili- 
brium. In  this  latter  caise  the  term  radiating  power  means 
obviously  the  total  radiatance  of  Provost's  theory. 

It  may  also  be  worth  while  calling  attention  to  the  theory, 
given  at  Nottingham  by  Lord  Eayleigh,  as  to  the  absorbivity 
of  rough  surfaces  being  equal  to  unity.  The  general  idea 
underlying  his  investigation  is  that  owing  to  diffraction  the 
waves  amongst  the  deep  corrugations  in  the  sui-face  spread 
abroad  within  them,  and  hardly  any  of  their  energy  escapes 
out  again.  At  the  time  I  called  his  attention  to  the  way  a 
similar  theory  would  explain  the  radiating  power  of  rough 

X 
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Surfaces,  as  I  have  taught  here  for  years  back.  I  am  mention- 
ing this  now  to  call  attention  to  an  experiment  of  Magnus, 
mentioned  in  Jamin  ("Cours  de  Physique/'  voL  iii,  pai*t  3, 
p.  113,  top  line,  edition  1881 ;  Pogg.  Ann.,  voL  cxxiv,  p.  476), 
where  I  have  an  old  note  concerning  this  theory,  and  which  I 
had  forgotten,  to  the  effect  that  the  radiation  from  platinized 
platinimi  was  much  greater  than  that  from  smooth  platinum, 
but  that  the  increase  was  chiefly  in  the  ultra-red  rays,  for  that 
the  difference  between  the  two  plates  was  almost  completely 
annulled  by  a  plate  of  alum.  This  is  what  would  be  expected 
from  the  above  theory,  because  corrugations  that  are  small 
enough  to  affect  the  ultra-red  radiations  might  still  be  too 
large  to  be  anything  but  a  smooth  surface  for  the  visible 
radiations.  There  is  evidently  a  good  deal  still  to  be  done  on 
radiativity. 
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ON  THE  CHANGE  OF  SUPERFICIAL  TENSION  OF  SOLED- 
LIQUID  SURFACES  WITH  TEMPERATURE 

[From  Isoturcy  January  25,  1894.] 

In  a  recent  very  interesting  communication  to  the  Birmingham 
Phil.  Soc.  {Birm,  PhiLSoc,  Proc,  vol.  ix,  part  1,  1893),  upon  th6 
effect  of  a  solid  in  concentrating  a  substance  out  of  a  solution 
into  the  superficial  film,  in  accordance  with  Prof.  J.  J.  Thomson's 
investigation  ("  Applications  of  Dynamics  to  Physics,"  p.  191), 
Dr.  Gore  has  quoted  an  observation  of  Pouillet's  (An)iale$  de 
Chimie,  1822,  vol.  xx,  pp.  1-41-162),  that  when  inert  powders 
like  silica  are  mixed  \nih  liquids  that  do  not  act  on  them  heat 
is  evolved.  On  the  other  hand,  when  the  superficial  area  of 
contact  between  a  liquid  and  its  gas  is  increased  heat  is  absorbed. 
This  latter  is  known  to  be  the  case  because  the  superficial 
tension  diminishes  with  rise  of  temperature.  In  the  case  of 
the  solid-liquid  surface  being  produced,  it  would  appear  at  first 
sight  to  follow  that  the  superficial  tension  should  increase  with 
increased  temperature.  The  matter  is,  however,  somewhat 
more  complicated.  When  a  dry  solid  is  mixed  with  a  liquid 
we  are  substituting  a  solid-liquid  surface  for  a  solid-air  surface, 
and  from  the  fact  that  most  liquids  soak  up  into  a  mass  of  diy 
powder,  we  may  conclude  that  the  superficial  potential  energy 
of  the  solid-Uquid  is  less  than  that  of  the  solid-air  surface,  i  e. 
that  more  work  must  be  done  to  separate  the  liquid  from  the 
soUd  than  is  developed  by  the  air  getting  at  the  solid.  If  these 
actions  arc  reversible,  we  may  apply  the  laws  of  thermodynamics, 
and  conclude  that  as  heat  is  evolved  when  the  system  does 

X  2 
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work,  ie.  when  the  solid-liquid  surface  is  increased,  that  it 
must  require  more  work  to  separate  the  solid  from  the  liquid  at 
hi^  temperatures  than  at  low  ones ;  and  in  the  case  of  silica 
and  water,  for  instance,  that  is  very  much  what  one  would 
expect  from  the  action  of  water  at  very  high  temperatures  on 
silica.  If  we  could  assume  that  the  superficial  tension  of  air- 
solid  were  zero,  it  woidd  follow  from  this  that  the  superficial 
tension  of  a  solid-liquid  surface  is  negative,  i.  t.  that  there  is  a 
superficial  pressure,  and  that  the  liquid  has  more  attraction  for 
the  solid  than  for  its  own  particles,  and  that  this  difference 
increases  with  increased  temperature,  i.  e.  the  superficial  pres- 
sure increases. 

The  whole  subject  deserves  careful  investigation  and 
quantitative  treatment,  but  the  difficulty  of  measuring  the 
superficial  tensions  of  solid-liquid  surfaces  seems  almost 
insurmountable,  so  that  it  would  be  very  difficidt  to  verify 
the  theory.  Perhaps  something  might  be  done  with  finely 
divided  liquids  that  did  not  mix,  and  whose  superficial  ten- 
sions might  be  measuied. 
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ON  EQUILIBRIUM]  OF  VAPOUR  PRESSURE  INSIDE  FOAM 

[From  Xature,  February  1,  1894.] 

It  is  known  that  the  vapour  pressure  near  a  curved  liquid 
surface  is  different  from  that  near  a  flat  surface,  being  less  near 
a  concave  surface  and  greater  near  a  convex  surface  than  near 
a  flat  one.  Now,  inside  foam-bubbles  the  surfaces  are  approxi- 
mately flat,  except  where  three  bubbles  join  to  form  an  edge,  and 
along  these  edges  the  surface  inside  any  bubble  is  concave  with  a 
very  small  radius  of  curvature.  How  does  it  happen  that  equili- 
brium can  exist  with  the  small  pressure  in  these  comers,  and  a 
larger  pressure  required  near  the  flat  surfaces  ?  In  the  first  place 
it  may  be  that  equilibrium  cannot  exist,  and  that  all  foam  is  essen- 
tially unstable ;  and  it  would  be  almost  hnpossible  to  disprove  this 
by  a  direct  experiment.  If,  however,  foam  can  be  stable,  it  seems 
as  if  the  only  conclusion  possible  were  that  the  flat  surfaces  will 
evaporate  and  thin  down,  the  liquid  condensing  in  the  comers, 
until  the  flat  parts  are  so  thin  that  they  are  in  equilibrium  with  a 
smaller  vapour  pressure  than  a  thick  liquid  surface  would  require. 
In  other  words  that  the  vapour  pressure  near  a  very  thin  film  may 
be  less  than  it  can  be  near  a  thick  one  at  the  same  temperatura 
It  is  evident  that  inside  or  outside  a  solid  box  stability  must  be 
possible,,  so  that  the  second  alternative  is  the  only  solution.* 

We  see  a  phenomenon  of  this  latter  kind  in  the  hygroscopic 
films  that  cover  glass.  Being  due  to  an  attraction  of  the  glass 
for  water,  there  results  what  I  am  describing,  namely,  that  in 
an  atmosphere  incompletely  saturated  a  film  of  such  a  thickness 
can  exist  that  the  vapour-pressure  near  it  is  such  as  corresponds 
to  the  existing  vapour  pressure  in  the  surrounding  atmosphere. 

I*  See,  howoTer,  J.  Willard  Gibbs,  Trans.  Conntetieut  Acad,y  iii,  1878,  p.  478, 
and  Lord  Rayleigh,  Froe,  Roy,  Jtiat.,  xiii,  1891,  or  Collected  Papers,  iii,  p.  441,  in 
which  such  permanent  differences,  of  tension,  and  therefore  of  pressure,  are  referred 
to  slight  diiferences  in  the  amount  of  dissolved  matter  in  different  parts  of  the  Sim ; 
^/.  the  films  on  glass  referred  to  t;{/r«.] 
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If  we  knew  the  connexion  between  the  thickness  of  a  film 
and  the  vapour  pressure  near  it,  it  would  be  possible  to  cal- 
culate the  shape  of  a  bubble  near  a  comer;  the  pressure  at 
any  point  being  that  due  to  the  thickness  diminished  by  an 
amount  proportionate  to  the  curvature.  So  that  if  /(y)  be  the 
pressure  due  to  a  film  of  thickness  y^  and  r  be  the  radius  of 
curvature  of  the  surface  of  the  liquid  near  a  comer,  we  get  ae 

the  equation  of  the  surface 

T 

where  T  is  the  superficial  tension  which  may  be  a  function  of 
y,  and  S  the  density  of  the  liquid,  and  a  of  the  vapour  of  the 
liquid,  which  latter  will  depend  on  the  vapour  pressure  inside 
the  bubble.  To  determine  this  and  the  constant  we  shoidd 
know  how  much  liquid  we  have  at  our  disposal  (Y  » lydx)  to 
lie  round  the  bubble  and  to  supply  vapour  insida 

It  would  appear  that  inside  a  cubical  box  falling  freely,  for 
instance,  a  bubble  would  always  be  spherical  unless  the  quantity 
of  liquid  [occupying  the  remainder  of  the  space]  were  sufficiently 
small  to  require  the  sides  of  the  bubble  to  be  flattened  against  the 
sides  of  the  box,  i,  c.  unless  the  volume  of  liquid  were  less  than 
1  -  ir/6  times  the  volume  of  the  box. 

In  connexion  with  my  letter  in  last  week's  Nature,  I  may 
suggest  that  a  possible  cause  of  warming  of  solid  powders  when 
mixed  with  liquids,  is  that  the  solids  have  already  got  a  film  of 
water  over  their  surfaces,  which  being  on  the  outside  in  contact 
with  air,  is  at  least  on  its  outer  surface  in  tension,  and  that  this 
enormous  area  of  air-liquid  film  disappears  when  the  solids  is 
immersed  iu  liquid,  and  that  the  heat  is  due  to  the  extinction  of 
this  great  film.  It  would  require  very  careful  measurements  of 
the  heat  evolved  and  estimates  of  the  area  of  the  film  con- 
cerned, to  decide  whether  this  woidd  account  for  the  heating 
observed.  In  my  former  letter  I  assumed  that  liquids  would 
soak  up  into  dry  powders,  and  that  these  latter  warmed  liquids 
when  mixed  with  them.  Tlie  suggestion  I  am  now  making 
would  account  for  a  warming  being  produced  by  damp  powders, 
or  by  spray  or  cloud  falling  into  a  liquid. 
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BOLTZMANN  ON  MAXWELL* 

[From  ITature^  February  22, 1894.] 

This  second  part  of  Dr.  Boltzmann's  account  of  Maxwell's 
electromagnetic  theory  is  written  from  a  somewhat  different 
point  of  view  from  the  first  part.  The  first  part  presents  the 
theorj"  from  the  mathematical  point  of  view  of  a  djmamical 
system  whose  generalised  coordinates  are  known.  This  one 
presents  the  theory  from  the  physical  point  of  view  of  a 
continuous  medium  whose  intimate  structure  is  indeed  not 
fully  understood,  but  whose  changes  of  structure  can  be  fully 
represented  by  certain  vectors.  Although  Maxwell  has  pre- 
sented the  subject  from  both  points  of  view,  the  one  which  really 
determines  the  form  of  his  work,  and  that  appears  to  have  led 
him  in  his  investigations,  is  the  physical  view  of  this  second 
part.  A  purely  analytical  view  is  hardly  ever  as  suggestive 
as  a  physical  and  geometrical  one.  This  latter  one  suggests 
extensions,  suggests  advances  in  a  way  that  purely  analytical 
investigations  seldom  do.  Compare,  for  instance,  Ampere's 
investigation  of  the  action  of  elements  of  currents  on  one 
another  with  Faraday's  treatment  of  the  same  subject.  The 
latter  has  suggested  the  whole  of  the  recent  advances,  the  work- 
ing of  the  ether,  the  identity  of  light  and  electromagnetic 
waves.  The  former  was  magnificent,  brilliant  no  doubt,  but 
it  was  cold  and  dead. 

*  Leetur$t  on  MaxiteWs  Theory  of  EUctrieity  and  Light.   Part  ii.   By  Dr,  Ladfrig 
Boltzmaxm.    Svo,  pp.  166.    (Leiprig:  Barth,  1893.) 
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In  the  preface  to  this  second  part,  Dr.  Boltzmann  explains 
the  absence  of  diagrams,  marginal  notes,  etc.  which  appeared  in 
the  former  part.  He  says  a  friend  conveyed  to  him  the  valuable 
criticism  that "  Your  book  is  dear."  He  has  consequently  left 
out  the  embellishments  that  Englishmen  love,  as  being  too 
expensive  for  the  poor  German  student,  and  has  only  left  the 
motto,  which  costs  nothing,  to  wit : — 


"  War  et  ein  Qott,  der  dieae  Zdchen  schiieb 
Die  xnit  geheimniflSToU  yerborg'nem  Trieb 
Die  Kzafte  der  Natur  urn  mich  enthiilleii 
Und  mir  das  Herz  mit  stiller  Freude  fiiUen.*' 

And  even  this  he  has  not  taken  from  that  classic  lore  thai 
Englishmen  delight  in,  but  from  a  German  poet 

Although  he  regrets  the  dark  and  inconsequent  character  of 
much  of  Maxwell's  work,  he  congratulates  scientific  men  that 
this  has  left  them  the  more  to  do.  For  himself,  he  only  claims 
to  be  an  exponent  of  l^laxwell's  \'iews,  and  hopes  that  he  may 
succeed  in  helping  students  to  xmderstand  them. 

Electromagnetic  equations  lend  themselves  to  a  great  variety 
of  interpretations  by  analogy  >vith  displacements  of  a  medium. 
They  are  a  system  of  vectors  related  to  one  another  by  a  very 
simple  method  of  derivation  each  from  the  last,  by  the  process 
of  what  Dr.  Boltzmann  says  the  English  call  "  curling."  Start- 
ing with  the  vector  potential,  the  magnelic  force  is  its  curl,  and 
the  curl  of  the  magnetic  vector  is  the  time  rate  of  variation 
of  the  electric  vector.  Any  one  of  this  system  of  vectors  may 
be  likened  to  the  displacement  or  velocity  of  an  incompressible 
medium,  and  hence  we  have  one  system  in  which  the  vector 
potential  is  so  likened,  one  in  which  the  electric  displacement 
is  so  likened,  and  one  in  which  the  magnetic  displacement  is  so 
likened.  These  latter  two  analogies  have  been  the  favourite 
ones.  Maxwell  frequently  speaks  in  terms  of  the  system  in 
which  the  electric  vector  is  likened  to  a  displacement  of  an 
incompressible  medium,  and  the  likening  of  the  magnetic  vector 
to  a  flow  is  quite  common.    In  these  systems  electric  energy 
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is  generally  considered  as  potential,  and  mi^etio  eneigy  as 
kinetia  Dr.  Boltzmann,  however,  likens  the  vector  potential, 
which  he  caUs  the  tonus,  and  which  l^Ir.  Oliver  Heaviside 
relegates  to  the  reahns  of  merely  convenient  suppositions,  to 
a  displacement  of  the  medium;  and  in  accordance  with  this 
analogy  the  magnetic  energy  becomes  potential,  and  the 
electric  vector,  which  is  proportional  to  the  rate  of  variation 
of  the  vector  potential,  being  thus  a  velocity,  requires  the 
assumption  that  electric  energy  is  kinetic  An  obvious  diffi- 
culty arises  here  from  the  necessity  of  making  an  electric 
current  an  acceleration  which  cannot  of  course  be  constant  for 
ever.  In  this  connexion  it  may  be  worth  while  observing  that 
the  possible  existence  of  one  closed  surface  inside  another, 
with  static  lines  of  the  electric  vector  between  them,  makes 
it  necessary  to  assume  either — (1)  that  the  vector  potential 
represents  a  twist  round  its  line,  and  not  a  displacement 
along  it;  or  (2)  that  it  is  a  displacement  up  some  lines  and 
down  others ;  or  (3)  that  there  are  sources  and  sinks  of  the 
ether  where  there  is  electrification,  because  without  sources  and 
sinks  we  cannot  have  a  continuous  flow  going  on  out  from  a 
closed  inner  surface  to  a  closed  outer  one.  If  the  tonic  vector 
be  a  twist,  the  magnetic  vector  will  be  of  the  nature  of  a  A*, 
and  it  would  be  this  structure  which  should  be  elastically 
resisted,  and  not  a  twist,  as  Dr.  Boltzmann's  and  Mr.  Larmor^s 
assumptions  give.  This  would  return  somewhat  to  Mr.  Glaze- 
brook's  proposal  of  years  ago.  Of  course,  a  complex  change 
of  structure,  such  as  a  combination  of  1  and  2,  or  any  other 
change,  such  as  cr3-stalli2ation  in  a  hemihedral  crystal,  would 
be  a  possible  solution : — in  a  hemihedral  crystalline  fonn, 
because  its  two  ends  must  differ  in  sign.  Gi"a\'ity  is  probably 
due  to  a  change  of  structure  produced  by  the  presence  of 
matter,  which  is  analogous  to  a  nou-heniihedral  crystallization 
because  it  is  always  attractive ;  there  seems  no  reason  to 
suppose  that  any  bodies  exist  possessing  negative  gra>itation, 
the  supposed  leWty  of  the  old  philosophers. 

To  the  vector  potential  Boltzmann  gives  Faraday's  name  of 
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eleotrotonic  state  at  the  point,  or,  shortly,  the  tonus  of  the 
element  of  volume.  The  rate  of  change  of  this  tonus  is  the 
electric  vector  E,  and  the  kinetic  energy  due  to  it  is  the  electric 
energy  per  unit  volume 

T-K/8ir.E\ 

This  tonic  strain  is  accompanied  in  general  by  a  tonic  stress 
depending  on  the  curl  of  the  tonic  vector  which  is  the  magnetic 
vector,  H  «  curl  E,  and  a  corresponding  potential  energy 

V  -  Jvff. 

All  this  is  most  interesting  in  connexion  with  Mr.  Larmor's 
recent  papers.  He  uses  Maxwell's  analysis  in  which  the 
magnetic  energy  is  kinetic,  and  consequently  assumes  the 
magnetic  vector  to  be  a  flow,  which  he  has  pointed  out  can 
exist  as  an  irrotational  one  without  reaction  in  Mac  Cullagh's 
medium.  This  same  observation  of  course  applies  to  Dr.  Boltz- 
mann's  analysis,  the  difference  being  that  vortex  rings  would  be 
rings  of  magnetic  current  instead  of  electric  current,  and  atoms 
would  act  like  electric  diads  instead  of  elementary  magnets. 
The  existence  of  unclosed  lines  of  electric  vector,  however, 
seems  to  make  this  simple  interpretation  of  Dr.  Boltzmann's 
analysis  impossible,  and  as  we  cannot  in  general  siibstitute 
whirl  for  flow  in  fluid  motion,  the  vortex  ring  analysis  could 
not  be  applied  if  Dr.  Boltzmann's  electric  vector  were  inter- 
preted as  a  whirl ;  and  hence  ]Mr.  Larmor's  investigation  seems 
confined  to  the  interpretation  he  has  given. 

Ha\ing  assumed  that  the  medium  is  such  as  to  react 
elastically  against  curl  of  the  tonus  (r),  and  his  fundamental 
equations  thus  being 

(1)  E  =f  ;         (3)  T  =  K/87r.E' 

(2)  H=curlr;    (4)  V=ivH» 

he   proceeds    to    deduce  the   equation  corresponding  to  (2), 

namely 

(5)KE-curlH 
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by  applying  Hamilton's  principle  to  T  -  V  in  a  way  which  is 
well  known.  He  now  remarks  that  in  accordance  with  his 
dynamical  principles  KE  is  rate  of  change  of  momentum.  And 
he  adds  to  curl  H  any  external  impressed  forces,  which  he 
divides  into  two  classes:  (1)  those  due  to  reveraible  causes, 
such  as  electromotive  of  contact,  chemical  action,  etc.,  repre- 
sented by  F ;  and  (2)  those  due  to  irreversible  causes,  such  as 
ohmic  resistance,  etc.,  which  are  proportional  to  the  electric 
vector  E.    He  thus  obtains  this  equation  in  the  form 

KE  -  curl  H  -  47rC  (E  +  F). 

It  would  thus  seem  as  if  the  electric  conduction  current  were  a 
different  thing  from  a  changing  electric  displacement,  though 
both  depending  on  curl  H.  This  arises  from  the  difficulty 
noticed  above,  and  seems  to  require  careful  consideration.  By 
judicious  theories  as  to  the  function  of  the  matter  in  stopping 
the  continual  acceleration  without  uncurling  the  H,  the  difficulty 
can  be  surmounted.  In  order  to  get  over  all  the  difficulties  of 
discontinuities  at  the  surfaces  of  bodies.  Dr.  Boltzmann  assumes 
that  the  properties  of  the  ether  vary  rapidly  but  continuously 
in  passing  across  a  surface,  so  that  he  can  assume  that  these 
equations  apply  everywhere. 

Depending  on  his  d}mamical  basis,  Dr.  Boltzmann  has 
obtained  the  following  dimensions  for  electromagnetic  quanti- 
ties, which  of  course,  differ  entirely  from  both  the  electric  and 
magnetic  systems  of  units: 

[E]  -  [LT-»].  [K]  -  [ML-]. 

[H]  =  [ML->  T-'],»    0]  -  [M-«  LT^. 

« 

After  a  short  discussion  as  to  the  possibility  of  founding  the 
science  upon  a  purely  analytical  basis,  by  assuming  equations 
and  showing  that  they  lead  to  true  results,  which  is  the  basis 
of  Hertz's  method,  and  a  short  criticism  of  this  method  as 
applied  by  Hertz,  Dr.  Boltzmann  proceeds  to  show  how  the  old 

*  This  ifl  misprinted  in  the  text,  but  right  in  the  table  of  fonnuls  at  the  end  of 
the  book. 
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equations  of  action  at  a  distance  and  von  Helmholtz's  work  are 
eonnected  with  ]|^Iaxwell's  view  of  the  subject  His  treatment 
of  superficial  effects  bj  means  of  a  rapid  variation  of  structure 
of  the  ether  at  the  surface  of  solids,  seems  essentially  the  same 
as  Mr.  0.  Heaviside  has  advocated  in  opposition  to  von  Helm- 
holtz's  double  electric  layers.  All  this  analytical  method  is, 
of  course,  necessary  and  interesting  in  what  may  be  called  a 
transition  work,  one  that  concerns  those  who  have  been  brought 
up  under  one  school  of  thought  and  are  entering  another;  a 
sort  of  Epistle  to  the  Hebrews,  a  college  between  youth  and 
manhood.  It  concerns  the  past  rather  than  the  future,  towards 
which  we  should  press,  forgetting  those  things  that  are  behind. 

Although  Dr.  Boltzmann  has  left  out  all  embellishments,  he 
has  had  pity  on  his  readers.  There  are  necessarily  included  in 
a  transition  work  of  this  kind  innumerable  formulsa,  of  which 
168  are  frequently  referred  to,  and  these  he  has  collected  into 
two  folding  sheets,  each  of  five  folds  at  the  end  of  his  work. 
This  is  most  considerate.  Books  dealing  with  many  formuke 
might  well  follow  suit,  although  it  certainly  is  a  little  terrify- 
ing to  have  168  formulae  presented  as  the  outcome  of  the  book 
in  a  way  that  necessarily  attracts  the  attention  of  anyone  who 
thinks  of  reading  it.  Those  who  are  frightened  by  this  should, 
however,  recollect  that  the  whole  subject  of  electromagnetism 
depends  on  only  four  very  simple  equations.  Dr.  Boltzmann 
would  have  much  simplified  his  work  if  he  had  adopted  any 
vector  symbolism. 

It  is  to  be  hoped  that  this  part  of  Dr.  Boltzmann's  work,  as 
well  as  the  former  part,  will  soon  be  translated,  and  so  made 
easily  accessible  to  English  students.  The  work  of  a  great 
master,  the  product  of  a  great  mind,  helps  all  men  who  can 
understand  it. 
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LEXARD  OX  CATHODE  RATS 

[From  Nature,  March  29,  1894.] 

The  current  number  of  the  Electrician  contains  a  note  by 
Professor  FitzGrerald  on  a  recent  Paper  of  Herr  P.  Lenard's, 
which  appeared  in  TViedeniann's  Anncdcn.  Herr  Lenard  has 
continued  his  interesting  observations  on  the  cathode  rays  in 
gases  under  ordinary  pressures  and  in  extreme  vacua.  In  the 
experiments  with  high  vacua,  exliaustion  was  carried  on  till  a 
coil,  capable  of  giving  a  spark  15  cm.  long  in  air,  could  not 
produce  any  discharge  between  terminals  sealed  into  the 
experimental  tube.  Herr  Lenard  estimates  that,  when  he  had 
condensed  the  mercury  vapour  in  a  connected  globe  by  lowering 
its  temperature  to  -  21  *  C,  the  pressure  of  the  remaining  gas  was 
about  003  X  10"*  of  an  atmosphere,  or  about  0*03  dyne  per 
square  centimetre.  In  a  tube  in  which  the  exhaustion  had  been 
carried  to  this  extent,  nothing  was  visible  on  the  path  of  the 
rays  except  where  they  impinged  on  the  glass  at  the  opposite  end 
of  a  tube  150  cm.  long,  and  when  there  were  no  magnets  near, 
they  were  propagated  in  straight  lines.  From  these  and  many 
other  interesting  observations  Herr  Lenard  concludes  that  the 
cathode  rays  are  phenomena  in  the  ether,  and  are  independent  of 
the  presence  of  matter.  With  reference  to  this  point  Professor 
Fitz  Gerald  says : — "  If  this  be  so  they  are  a  most  remarkable 
addition  to  the  properties  of  the  ether.  Phenomena  that  may 
all  be  classed  under  light-propagation  are  the  only  known 
phenomena  of  propagation  in  free  ether.  There  is  a  very 
essential  difference  between  these  cathode  rays  and  ordinary 
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light-propagation ;  and  only  for  this  these  rays  might  be  veiy 
rapid  nltra-Wolet  waves,  which  are  known  to  be  rapidly 
absorbed  by  air  and  other  gases,  but  which  may  be  able  to  run 
the  gauntlet  of  hundreds  of  thousands  of  molecules  without 
being  finally  absorbed,  and  might,  in  accordance  with  the 
known  transparency  of  gold  leaf,  be  able  to  penetrate  any  solid, 
even  though  a  conductor,  because  for  their  extremely  rapid 
vibrations  the  molecular  motions  upon  which  ordinary  con- 
ductivity depends  may  be  much  too  slow  to  have  any  sensible 
effect.  The  fact  that  seems  conclusive  against  this  \'iew  is  the 
deflection  of  the  rays  by  a  magnet.  These  rays  are  deflected 
in  the  same  way  as  a  conductor  carrying  a  cuiTent  of  electricity 
away  from  the  cathode.  No  such  action  has  ever  been  observed 
on  rays  of  light.  It  would  be  most  natural  to  explain  the  action 
by  the  presence  of  the  matter  which  is  generally  required  in 
order  to  be  acted  upon  by  a  magnet.  There  seems  very 
little  reason  for  supposing  that  a  magnet  would  act  upon 
electric  displacement  currents  in  the  ether,  even  if  displace- 
ment currents  of  the  straight  ray  kind  were  possible  in  the  ether 
without  propagating  themselves  out  sideways  with  the  velocity 
of  light.  "When  we  recollect  that  in  the  vacua  described  by 
Herr  Lenard  there  are  still  10^°  molecules  per  cubic  mm.,  there 
does  not  seem  sufficient  reason  for  looking  to  an  imkuown 
property  of  the  ether  when  there  is  so  much  matter  present 
to  explain  the  phenomenon." 
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LENARD  OX  CATHODE  RAYS 

[From  Satwe^  June  21,  1894.] 

In  a  communication  to  the  Electrician,  Professor  FitzGrerald 
criticises  Herr  Lenard's  last  paper,  a  short  abstract  of  which 
appeared  in  Natxirc  for  May  31st,  1894,  p.  114.  In  a  former 
note  on  Herr  Lenard's  prcAious  paper,  Professor  Fitz  Gerald  had 
pointed  out  that  the  experiments  so  far  would  be  consistent 
with  the  supposition  that  the  cathode  rays  were  rays  of  light  of 
verj'  high  frequency,  except  for  the  fact  that  they  were  deflected 
by  magnetic  force,  a  phenomenon  of  which  we  have  no  other 
evidence,  and  which  makes  it  practically  impossible  at  present 
to  suppose  that  cathode  rays  are  of  this  nature.  It  was  further 
pointed  out  that  if  this  deflection  were  an  action  on  the  emitting 
surface,  and  not  on  the  ray,  it  might  be  again  possible  to  explain 
these  cathode  rays  by  the  supposition  that  they  are  rays  of  Ught 
Herr  Lenard's  more  recent  experiments  seem  entirely  at  variance 
with  any  such  supposition ;  while  I*rofessor  FitzGrerald  considers 
that  there  is  nothing  in  them  that,  in  the  same  conclusive  way, 
proves  that  they  are  not  streams  of  electrifled  molecules  or  atoms. 
From  Herr  Lenard's  observation  that  the  deflection  of  the  ray 
depends  on  the  pressure  of  the  gas  in  the  tube  in  which  the  rays 
are  generated  originally,  and  not  on  th6  nature  and  pressure  of 
the  gas  in  the  tube  in  which  deflection  takes  place,  it  follows 
that,  if  the  rays  are  paths  of  projectiles,  they  must  either  pass 
through  the  window,  or  else  be  projected  from  it,  by  some  action 
which  behaves  like  a  blow  given  to  it  from  the  other  side.  A 
study  of  the  spectnmi  of  the  cathode  light  might  settle  whether 
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any  of  the  molecules  actually  traversed  the  partition.  The  fact 
that  there  is  no  increttse  in  the  pressure  within  the  tube  only 
shows  that  as  many  molecules  traverse  the  partition  in  one 
direction  as  in  the  other.  Blows  delivered  on  one  side  of  a 
plate  would  project  molecules  from  the  other  side,  with  diflferent 
velocities  depending  on  the  nature  of  the  blow  and  on  the  mass 
of  the  molecule,  so  that  a  hypothesis  of  this  kind  would  be  quite 
in  accord  with  Herr  Lenard's  observations.  The  fact  that  the 
magnetic  e£fect  is  independent  of  the  mass  of  the  molecule 
struck  is  explicable  by  supposing  the  electrical  charge  to  be  the 
same  for  all  molecules.  Even  though  sufficient  reasons  were 
forthcoming  for  rejecting  the  theory  that  these  rays  are  due  to 
projected  molecules,  Professor  Fitz  Grerald  considers  that  there  are 
other  possible  suggestions  which  are  worthy  of  consideration, 
such  that  they  are  straight  Grotthus  chains  of  molecules  which 
bend  under  magnetic  force.  This  might  account  for  a  velocity 
of  propagation  of  actions  along  them,  comparable  with  the 
velocity  of  light,  without  requiring  the  component  matter  to 
move  with  this  velocity.  In  fact,  until  the  residual  matter 
within  the  tube  has  been  reduced  very'  much  beyond  what  has 
been  attained,  and  it  has  been  shown  that  these  phenomena 
increase  instead  of  diminish,  and  that  there  is  no  very  slow 
projection  of  the  material  of  the  plates,  such  as  darkens  the  glass 
in  glow-lamps,  it  will  be  very  difficult  to  prove  that  any  of  the 
phenomena  hitherto  observed  are  due  to  the  ether,  and  not  to 
the  matter  present.  So  far  the  phenomena  described  are  quite 
like  those  that  would  be  due  to  mo\ing  electrified  matter,  and 
the  actions  are  quite  unlike  anything  we  know  of  the  properties 
of  the  ether. 
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THE  KINETIC  THEORY  OF  GASES 

[From  Nature,  January  3,  1895.] 

I  DO  not  feel  as  if  those  who  heard  me  ask  some  questions  at 
the  British  Association  at  Oxford,  about  the  kinetic  theory  of 
gases,  exactly  imderstood  my  difficulties.  They  are  those  of  an 
onlooker,  and  so  they  may  be  of  general  interest.  As  several 
of  them  have  been  fairly  satisfactorily  answered,  it  may  be 
worth  while  stating  the  present  position  of  such  an  onlooker  as 
myself. 

In  the  first  place,  consider  the  difficulty  as  to  reversibility 
and  as  to  the  number  of  possible  ways  in  which  a  system  could 
be  started  on  a  reverse  path  so  as  to  obtain  a  given  initial  state. 
This  is,  I  think,  completely  answered  in  the  way  Mr.  Larmor 
t:ives  in  his  letter  on  p.  152.  As  well  as  I  can  recollect, 
^Ir.  Culverwell  and  I  had  been  mutually  satisfied  by  this  kind 
of  explanation  previous  to  the  meeting  at  Oxford,  and  it  was 
not  then  referred  to. 

The  question  of  reversibility  lately  started,  as  I  understand 
it,  has  reference  to  the  introduction  of  the  postulate  of  chance 
in  the  deduction  of  the  theorem  about  H.  Mr.  Burbury,  in  his 
I  L-eent  letter,  has  indicated  a  proof  of  this  theorem,  in  which  he 
explicitly  postulates  chances,  and  so  far  justifies  the  possibility 
of  proof  on  these  lines.  I  understand  that  Mr.  CulverwoU  is 
so  far  satisfied,  and  only  asks  for  more,  ix.  an  extension  of  this 
form  of  proof  to  other  cases  than  the  simple  one  of  colliding 
-yiheres. 

Secondly,  as  regards  the  solar  system,  etc.,  I  am  not  yet 
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quite  clear  why  a  finite  number  of  particles  moving  about  for 
an  indefinitely  long  time  does  not  satisfy  the  conditions  of  the 
problem  as  usually  stated,  just  as  well  as  a  large  number  of 
bodies  for  a  short  time.  As  to  the  necessity  for  collisions  among 
the  parts  of  a  system,  I  cannot  see  why  the  Earth,  Moon, 
Jupiter,  and  Sun  are  not,  to  all  intents  and  purposes  of  the 
generalized  coordinates,  in  collision  at  present  and  always;  and 
I  desire  to  know  why  any  other  kind  of  collision  is  required 
for  the  application  of  the  investigation.  I  think  I  now  see, 
through  conversations  with  Mr.  Culverwell,  where  the  existing 
investigations  may  fail  to  apply  to  solar  systems.  I  may  explain 
my  position  as  follows.  It  was  always,  I  knew,  postulated 
that  more  than  two  particles  should  not  be  in  collision  at  once, 
and  I  therefore  asked  how  this  could  be  an  essential  part  of  the 
investigation  when  applied  to  the  case  of  air  near  the  Earth 
subject  to  gravitation.  I  did  not  see  w*hy  the  Earth  was  not  (so 
far  as  the  generalized-coordinates  investigation  was  concerned) 
a  particle  in  collision  with  every  particle  of  the  air  during  every 
one  of  their  collisions  with  one  another,  and  consequently 
violating  the  postulate  requiring  only  two  particles  to  be  in 
collision  simultaneously.  I  now  understand  that  when  dealing 
with  gra\dtation  and  such  like  forces,  these  are  supposed  to  be 
directed  X^  fixed  centres,  and  that  in  the  case  of  a  large  i>article 
like  the  Earth  this  is  very  nearly  true,  but  that  it  could  not  be 
even  approximately  true  if  we  had  three  fairly  equal  particles 
acting  upon  one  another  simultaneously.  This  may  also  explain 
why  the  equal  partition  of  energy  does  not  hold  in  the  solar 
system,  where  the  bodies  do  not  act  upon  one  another  in  pairs 
but  are  all  always  subject  to  one  another's  action.  This,  as  I 
understand,  is  also  the  reason  why  the  direct-distance  law  is  not 
an  exception  to  the  equal  partition  of  energy  theorem.  It  also 
may  explain  how  we  can  have  water  and  steam  in  equilibrium 
with  one  another,  notwithstanding  the  apparent  uniqueness  of 
the  Boltzmann-Maxwell  solution.  From  experience  it  would 
seem  that  when  we  can  extend  the  investigation  to  the  case  of 
several  bodies  in  simultaneous  collision,  we  shall  find  that  there 
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are  three  solutions  corresponding  to  the  solid,  liquid,  and  gaseous 
states.  At  the  same  time,  some  of  the  very  general  investigations 
that  seem  to  me,  as  a  physicist,  as  if  they  were  intended  to  apply 
to  complex  molecules  in  collision  with  one  another,  and  with  a 
partition  of  energy  amongst  the  atoms,  appear  to  violate  the 
postulate  of  collisions  in  pairs ;  for  I  find  it  hard  to  conceive  of 
these  molectilar  systems  of  atoms  as  other  than  systems,  the 
various  parts  of  which  are  held  together  by  mutual  actions,  and 
which  must  consequently  be  considered  to  be  in  simultaneous 
collision  with  one  another.  This  may  be  where  the  spectrum 
crux  fails.  Perhaps  somebody  would  be  so  very  kind  as  to 
point  out  where  exactly  in  these  generalized-coordinate  investi- 
gations the  postulate  of  collisions  in  pairs  is  used,  and  so  save 
lazy  people  like  me  the  trouble  of  hunting  it  up. 

This  raises  the  third  point  as  to  how  this  difficulty  about  the 
spectral  lines  is  to  be  surmounted.  I  cannot  follow  either  Mr, 
Bryan's,  or  what  I  understood  to  be  ]ilr.  Larmor's  view,  that  any 
help  can  be  got  by  supposing  spectral  lines  to  be  due  to  electro- 
magnetic vibrations.  Tlie  example  Mr.  Bryan  gives  of  smooth 
solids  of  revolution  is  quite  beside  the  point  In  this  case  there 
is  no  interchange  of  energy  between  rotation  round  the  axis  of 
revolution  and  the  other  degrees  of  freedom.  This  is  quite 
contrary  to  what  we  know  to  be  the  case  in  respect  of  ethereal 
and  molecular  energy.  We  know  that  radiations  cause  bodies 
to  become  cooler,  and  therefore  there  is  interchange  of  energy. 
This  could  not  be  otherwise,  as  is  evident  from  what  we 
know  of  the  mechanical  forces — electric,  magnetic,  and  electro- 
magnetic— that  interact  between  matter  and  ether.  It  is 
rather  hard  for  Mr.  Bryan  to  say  that  the  onus  probandi  lies  with 
physicists  to  explain  exactly  haw  ti-ansfei'cnce  takes  plaoe; 
surely  the  fact  that  transference  does  not  take  place  is  sufficient 
to  prove  that  a  complete  theory  should  take  in  both  sets  of 
coordinates — ethereal  as  well  as  material — and  I  should  have 
thought  that  those  formidable  arrays  of  dpi  dpt  .  .  .  dp^  eta,  of 
coordinates  and  momenta  to  the  lith,  with  dots  between  to 
signify  their  indefinite  number,  should  include  everything  of 
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this  kind  that  could  possibly  be  required.  Here,  however,  the 
postulate  of  collisions  in  pairs  entirely  breaks  down,  and  thus 
shows  a  way  out  of  this  spectral  di£Eiculty.  A  second  way  was 
suggested  to  me — ^by  whom  I  forget — at  Oxford,  namely,  that 
the  complicated  system  of  lines  that  we  see  in  the  spectrum — 
of  iron,  for  instance — are  so  connected  as  to  their  amplitudes, 
periods,  and  phases,  as  to  represent  only  a  single  coordinate. 
Anybody  who  has  tried  to  expand  a  simple  function  in  Fourier 
series  will  easily  understand  how  a  very  simple  motion  might 
produce  a  fearfully  complicated  spectrum. 

It  seems,  then,  to  me  that  the  questions  which  need  solving 
in  our  study  of  the  dynamical  foundations  of  thermodynamics 
at  present  are  (1)  how  to  explain  spectra,  and  (2)  how  to  deal 
with  several  bodies  in  simultaneous  collision  ? 
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THE  FOUNDATIONS  OF  DYNAMICS* 

[From  Nature,  January  17,  1895.] 

This  posthumous  volume  of  Hertz's  works,  edited  by  Professor 
Lenard,  with  a  preface  by  von  Hehnholtz,  has  a  doubly  melan- 
choly interest  It  is  the  last  work  of  Hertz,  upon  which  he 
was  engaged  until  a  few  days  before  his  death;  and  it  con- 
tains a  preface  which  is  almost  the  last  work  of  von  Hehn- 
holtz. The  pupil  died  shortly  before  his  master;  and  by  the 
departure  of  such  a  pupil  and  of  such  a  master,  science,  and 
with  science  mankind,  have  lost  many  prospects  of  advances 
in  the  near  future. 

In  his  preface,  von  Helmholtz  pays  a  touching  tribute  to 
the  genius  of  his  favouiite  pupil,  from  whom  he  hoped  most, 
and  who  had  drunk  most  deeply  of  his  master's  thoughts.  In 
1878  their  intimacy  began.  At  that  time  difficulties  connected 
with  various  electrical  theories  of  action  at  a  distance  were 
occupying  his  thoughts,  and  he  offered  a  prize  for  the  best 
essay  on  induction  in  non-inductively  wound  coils.  Weber's 
theory  would  have  involved  an  inertia  of  the  electric  current 
distinct  from  the  magnetic  inertia.  The  question  is  still  in- 
teresting in  connexion  with  discharges  between  two  charged 
conductor,  one  of  which  completely  surrounds  the  other,  when 
a  dielectric  between  them  is  suddenly  made  conductive.  There 
is  then  no  magnetic  force.    Is  there  no  inertia  ?    Can  a  medium 

*  "  The  Principles  of  Dynamics  developed  on   nev  lines — HerU*s  CoQeetod 
Works,"  vol.  iii,  p.  310.     (Leipzig :  Barth,  1894.) 
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become  mddenly  condacting  ?  Is  a  conducting  medium  homo- 
geneous? Is  there  inertia  of  ionic  charges  which  represent  the 
non-homogeneity  of  the  medium  ?  These  questions  still  require 
answering;  but  in  the  seventies,  in  Germany,  Maxwell's  idea 
of  magnetic  force  accompanying  displacement  currents  was 
not  generally  received,  and  Helmholtz's  question  as  to  the 
induction  in  non-inductively  woimd  coils  really  had  refei-ence 
to  these  displacements.  Hertz  won  the  prize  by  showing  that 
at  most  only  l/20th  or  l/30th  of  the  extra-current  could  be 
due  to  electric  inertia.  By  subsequent  experiments  on  the 
possible  effect  of  centrifugal  force  on  the  current  in  rapidly 
rotating  plates,  he  reduced  this  estimate  to  a  very  much 
smaller  value.  Mr.  Larmor  has  suggested  that  any  centrifugal 
force  may  be  balanced  by  a  tension  in  the  length  of  the  current, 
much  in  the  same  way  that  the  tension  of  a  running  rope  will 
balance  centrifugal  force  in  the  curves  round  which  it  may  be 
running.  In  every  way  the  subject  deserves  further  investi- 
gation, for  it  is  intimately  connected  with  the  most  fundamental 
questions  as  to  the  nature  of  electricity  and  its  connexion  with 
matter. 

The  next  thing  to  which  Hertz  devoted  himself  was  a  prize 
problem  proposed,  at  von  Helmholtz's  suggestion,  by  the  Berlin 
Academy.  The  problem  was  to  investigate  Maxwell's  postulate 
that  changing  electric  displacement  was  an  electric  current. 
This  was  the  bud  from  which  Hertz's  great  work  sprang.  Of 
it  von  Helmholtz  says :  "  It  is  a  pity  we  do  not  possess  more 
such  histories  of  the  inner  psychological  development  of  know- 
ledge. Its  author  deserves  our  sincerest  thanks  for  letting  us 
see  so  deeply  into  the  inmost  working  of  his  thoughts,  and  for 
recording  even  his  temporary  mistakes.  By  this  work  Hertz 
has  settled  for  ever  the  question  as  to  electromagnetic  actions 
being  propagated  by  a  medium,  and  the  only  outstanding 
question  of  th^  kind  is  as  to  gravitation,  which  we  do  not 
yet  know  how  to  logically  explain  as  other  than  a  pure  action 
at  a  distance."  It  thus  appears  that  von  Helmholtz  to  the  last 
was  unconvinced  as  to  the  probability  of  any  hypothesis  like 
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Le  Sage's  or  Osborne  Seynolds's.  He  seems,  on  the  other  hand, 
to  have  been  satisfied  with  the  possibility  of  chemical  actions 
being  explained  either  by  electromagnetic  actions  or  by  actions 
not  at  a  distance.  This  latter  term,  of  course,  requires  expla- 
nation as  to  what  "  at  a  distance  "  means.  Any  actions  other 
than  those  of  absolutely  rigid  bodies,  such,  for  instance,  as  the 
fairly  well  established  forces  of  attraction  of  gaseous  molecules 
for  one  another,  and  some  of  wliich  can  hardly  be  explained 
either  by  electricity,  magnetism,  or  gravitation,  seem  to  be 
actions  at  a  distance  that  require  explanation  just  as  much  as 
gravitation. 

Following  this  short  history  of  the  work  of  his  pupil,  which, 
coming  from  such  a  master,  must  have  a  permanent  interest  to 
all,  von  Helmholtz  gives  a  risumi  of  the  last  work  of  Hertz.  In 
it  there  is  attempted  a  continuously  elaborated  pi*esentation  of 
a  complete  and  self-dependent  system  of  mechanics,  in  which 
each  particular  application  of  this  science  is  deduced  from  a 
single  fundamental  law  which  can  of  course  be  itself  only 
assumed  as  a  plausible  hypothesis.  In  order  to  explain  how 
this  is  required,  von  Helmholtz  gives  a  short  history  of  the 
development  of  the  science  of  mechanics.  The  first  developments 
arose  from  the  study  of  the  equilibriimx  and  motion  of  solid 
bodies  in  direct  contact  with  one  another,  such  as  the  simple 
machines,  the  lever,  the  inclined  plane,  the  pulley.  The  law  of 
virtual  velocities  gives  the  most  fundamental  general  solution 
of  all  such  problems.  Galileo  subsequently  developed  the 
knowledge  of  inertia  and  of  moving  force  as  an  accelerating 
agent.  It  was,  however,  conceived  by  him  as  a  succession  of 
blows.  Newton  was  the  first  who  arrived  at  the  notion  of  force 
acting  at  a  distance,  and  its  more  accui-ate  determination  by  the 
principle  of  action  and  reaction.  It  is  well  known  how 
strenuously  he  and  Iiis  contemporaries  resisted  this  idea  of  pure 
action  at  a  distance.  From  this,  men  developed  the  methods 
of  treating  all  problems  of  conservative  forces  with  constant 
connexions,  whose  most  general  solution  is  given  by  d'Alembert's 
principle.     All  the  general  principles  of  dynamics  have  been 
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developed  from  Newton's  hypothesis  of  permanent  forces 
between  material  points  and  permanent  connexions  between 
them.  It  was  subsequently  found  that  these  laws  held  even 
when  these  foundations  could  not  be  proved ;  and  it  was  thence 
deduced  that  all  the  laws  of  nature  agreed  with  certain  general 
characteristics  of  Newton's  conservative  forces  of  attraction, 
although  it  was  not  found  possible  to  deduce  all  these 
generalizations  from  one  common  fundamental  principle. 
Hertz  has  devoted  -himself  to  discovering  such  a  fundamental 
principle  for  mechanics,  from  which  all  the  laws  of  mechanics 
hitherto  known  as  imiversally  valid  can  be  deduced ;  and  he  has 
carried  out  this  with  great  acuteness,  and  by  means  of  a  very 
remarkable  presentation  of  a  pecidiaily  general  kinematic  con- 
ception. In  working  it  out,  he  returns  to  the  oldest  mechanical 
theories,  and  supposes  all  actions  to  be  by  means  of  rigid 
connexions.  Of  course  he  has  to  assume  that  there  are 
innumerable  imperceptible  masses  and  invisible  motions  of 
these,  in  order  to  explain  the  apparent  actions  upon  one  another 
of  bodies  that  are  not  in  immediate  contact.  Though  he  has 
not  given  examples  of  how  this  may  be  the  case,  he  evidently 
builds  his  expectation,  of  being  thus  able  to  explain  natural 
actions,  upon  the  existence  of  cyclical  systems,  rollers,  etc.,  with 
invisible  motions.  The  justification  of  such  an  assumption  can 
only  be  obtained  by  its  success.  Von  Helmholtz  concludes  this 
interesting  preface  by  remarking  how  English  physicists  have 
so  often  based  their  work  on  dynamical  and  geometrical  sup- 
positions, as,  for  example,  Lord  Kehin  and  his  vortex  atoms. 
Maxwell  and  his  cells  with  rotating  contents.  These  physicists, 
he  says,  "  have  clearly  been  more  satisfactorily  helped  by  such 
illustrations,  than  by  the  mere  most  general  representations  of 
the  facts  and  their  laws  as  given  by  the  system  of  physical 
dififerential  equations.  I  must  confess  tliat  I  have  restricted 
myself  to  this  latter  method  of  investigation,  and  have  felt  most 
confidence  therein ;  and  indeed  I  might  not  have  arrived  at  any 
important  results  by  Che  methods  which  eminent  physicists  such 
as  the  three  mentioned  have  employed." 
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Although  80  far  it  seems  as  if  there  were  very  little  to  choose 
between  the  old  method  of  supposing  that  natural  actions  can 
be  explained  by  conservative  forces  between  molecules,  and  such 
a  system  of  rigid  connexions,  Hertz  in  his  introduction  shows 
that  he  is  dissatisfied  with  the  hypotheses  of  these  forces  as 
entities,  while  von  Helmholtz,  by  his  silence,  seems  to  hold  the 
view  that  the  old  method  was  good  enough  for  him.  Hertz's 
method  has,  however,  the  advantage  of  turning  our  attention 
to  something  definite  to  be  investigated  and  invented,  namely, 
the  structure  of  these  rigid  connexions.  It  is  apparently  very 
closely  related  to  Osborne  Eeynolds's  and  "  Waterdale*s  ** 
suggestions  as  to  the  structure  of  the  ether,  namely,  that  it 
consists  of  perfectly  rigid  particles  in  almost  complete  juxta- 
position, which,  whether  by  their  smoothness  or  by  their 
rolling  upon  one  another,  waste  no  enei^  in  internal  heat 
motions. 

In  his  own  preface,  Hertz  says  that  he  has  culled  many 
things  from  many  minds,  nothing  particular  in  his  work  is  new ; 
what  he  presents  as  new  is  the  arrangement  and  collocation  of 
the  whole,  and  the  logical,  or  rather  philosophical,  aspect  thereby 
attcdned. 

To  these  prefaces  there  follows  a  long  introduction,  in 
which  Hertz  reviews  and  criticises  the  present  foundations  of 
dynamics.  The  great  road  by  which  this  domain  is  now 
entered  is  one  that  was  laid  by  Archimedes,  Galileo,  Newton, 
and  Lagrange.  It  is  founded  on  our  notions  of  space,  time, 
force,  and  mass.  Force  is  introduced  prior  to  motion,  as  the 
independent  cause  thereof.  Galileo's  notion  of  inertia  only 
involved  space,  time,  and  mass.  Newton  first  introduced  all 
four  notions.  To  this  d'Alembert's  principle  gave  the  analytical 
method  of  treating  generally  connected  systems.  Beyond  it,  all 
is  deduction.  Here  Hertz  introduces  a  discussion  as  to  the 
so-called  forces  of  inertia.  From  his  discussing  the  case  of  a 
solid  subject  to  centripetal  acceleration  by  means  of  a  string, 
the  question  is  much  more  intricate  than  if  he  had  taken  the 
case  of  a  body  falling  freely  under  gravity,  where  the  force  is 
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applied  directly  by  the  Earth  to  each  point  of  the  body,  and  not» 
as  in  the  case  of  the  string,  distributed  to  each  part  by  stresses 
in  the  solid.  Hertz  seems  to  consider  that  there  is  some 
outstanding  confusion  in  applying  the  principle  of  equality  of 
action  and  reaction,  and  appears  to  hold  that  by  this  principle 
the  action  on  the  body  requires  some  reaction  in  the  body  whose 
acceleration  is  the  effect  of  the  force.  He  does  not  seem  fully 
to  appreciate  that  action  and  reaction  are  always  on  different 
bodiea  From  his  consideration  of  this,  and  from  a  general 
review  of  our  conception  of  force,  he  concludes  that  there  is 
something  mysterious  about  it,  that  its  nature  is  a  problem  in 
I^ysics,  like  the  nature  of  electricity.  We  have  a  quite  distinct 
oonoeption  of  velocity :  why  not  of  force  ?  He  concludes  that 
the  mystery  is  not  due  to  our  not  having  enough  ideas  to  associate 
with  the  word,  but  to  our  trying  to  put  too  much  into  it  These 
mjrsteries,  however,  do  not  invalidate  in  any  way  the  deductions 
that  have  been  made ;  they  only  require  us  to  seek  out  a  new 
foundation  for  our  dynamics.  He  goes  on  to  criticise  this 
method  of  filling  nature  with  forces  of  which,  being  ultimately 
between  molecules,  we  can  have  no  direct  experience.  A  piece 
of  iron  on  a  table  is  acted  on  by  gravitation,  cohesion,  repulsion, 
magnetic,  electromagnetic,  electric,  and  chemical  forces.  Some 
of  these  would  drag  it  to  pieces  if  unbalanced  to  a  nicety  by 
others.  Is  this  a  sound  view  of  nature  ?  Can  we  not  get  some 
more  attractive  one  ? 

A  second  view  may  be  elaborated  by  making  our  fimdamental 
quantities,  space,  time,  mass,  and  energy.  There  is  no  book 
in  which  this  view  of  nature  is  fully  and  consistently  worked 
out,  at  least  none  that  Hertz  was  au^quainted  with.  He  sketches 
how  it  might  proceed.  Besides  the  postulate  of  the  conservation 
of  energy  we  require  some  definition  of  potential  energy  and 
experimental  relations  connecting  it  with  space ;  and  in  addition 
we  have  a  choice  of  relations  with  kinetic  energy,  of  which 
Hertz  suggests  the  choice  of  the  integral  form  of  Hamilton's 
principle  known  as  that  of  least  action.  This  is,  no  doubt, 
a  recondite  idea  to  use  as  a  fundamental  postulate,  but  it  only 


1895]  The  Foundations  of  Dynamics  331 

implicitly  involves  the  idea  of  force,  which  then  comes  in 
merely  as  a  definition.  To  this  method,  which  certainly  has 
several  great  advantages,  Hertz  makes  a  number  of  objections. 
In  the  first  place  he  objects  that  it  requires  the  equations  of 
connexion  to  be  integral  equations,  and  we  know  such  actions 
as  pure  rolling  of  one  hard  body  on  another  cannot  be  so 
expressed.  We  must,  in  order  to  specify  the  subsequent  motion, 
know  the  rate  of  rotation  roimd  the  normal  axis  through  the 
point  of  contact,  and  this  cannot  be  specified  except  in  terms  of 
diflTerentials.  To  such  motions  we  cannot  apply  the  proposed 
principle  of  least  action,  and  yet  we  can  hardly  dispute  that 
such  rolling  is  possible  in  nature.  If  we  treat  it  as  the  limit  of 
frictional  sliding,  we  introduce  the  whole  of  the  difl&culties  of 
force,  or  of  the  irregular  heat  actions  which  have  not  yet  been 
fully  made  amenable  to  accurate  dynamical  treatment.  Again, 
difficulties  arise  as  to  the  foimdation  of  this  method.  There  is 
great  difficulty  in  specifying  energy  itself.  How  can  it  be 
satisfactorily  measured  without  returning  to  the  first  method, 
and  introducing  the  idea  of  force  ?  Some  have  conceived  of 
energy  as  a  sort  of  substance ;  but  when  we  try  to  form  concrete 
conceptions  of  what  is  occurring,  we  get  involved  in  perplexities. 
The  very  existence  of  two  forms  of  energy  is  a  very  serious 
difficulty.  Again,  it  is  doubtful  whether  it  can  be  sound  to 
consider  the  integral  of  least  action  as  a  fundamerUal  principle. 
It  makes  the  present  depend  on  the  future.  It  sets  the  problem 
to  nature  to  make  a  certain  integral  the  minimum. 

A  good  many  of  these  objections  could  be  got  over  by 
making  all  energy  kinetic,  which  is  what  Hertz  himself  practi,- 
cally  assumes  in  his  own  method. 

This  third  method  begins  by  assuming  only  three  funda- 
mental quantities,  time,  space,  and  mass,  and  puts  aside  as 
non-fundamental,  force  and  energy.  In  order  to  explain  how 
nature  works,  we  ah'eady  do  postulate  invisible  underlying 
structures  in  nature.  We  postulate  these  in  the  atoms  and 
molecules  of  matter.  Hertz  sees  in  all  actions  the  working 
of  an  underlying  structure  whose  masses  and  motions   are 
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producing  the  effects  on  matter  that  we  perceive,  and  what  we 
call  force  and  energy  are  due  to  the  actions  of  these  invisible 
structures,  which  he  implicitly  identifies  with  the  ether. 

We  must,  however,  assume  certain  connexions  between  the 
three  quantities,  time,  space,  and  mass.    Between  time  and 
mass  there  is  no  direct  connexion.    Space  and  mass,  Hertz 
considers,  are  connected  by  the  existence  of  a  given  mass  at 
each  point  of  space.    He  cannot  mean  here  to  assume  a  com- 
plete plenum,  which  would  make  serious  difficulties  in  the  way 
of  the  working  of  what  he  subsequently  assumes  to  be  a 
structure  of  rigid  bodies ;  he  must  include  a  vanishingly  small 
density  at  some  points,  though  perhaps  he  may  have  had  in 
view  the  filling  of  the  interstices  between  his  rigid  bodies  with 
a  fluid.    Any  way,  he  goes  on  to  say  that  some  connexion  is 
required  between  all  three  quantities,  and  for  this  purpose  he 
postulates  his  great  fundamental  single  law  of  motion,  which 
he  considers  is  an  extension  to  systems  of  Newton's  first  law 
of  motion  for  a  single  body;  it  is   that  a  system,  which  is 
unconnected  with  any  others,  moves  \vith  constant  swiftness 
along  one  of  its  straightest  paths.    "  Systema  omne  liberum 
perseverarc  in  statu  quo  quiescendi  vel  movendi  uniformiter 
in  directissimam."     In  order  to  imderstand  what  Hertz  hei-e 
means  by  the  path  of  a  system,  and  by  its  being  straight  or 
curved,  requires  further  explanation;  but  from  this  principle, 
which  is  capable  of  analytical  representation,  and   from   the 
assumption  that  the  connexions  of  a  system  are  all  rigid,  he 
deduces  all  the  fundamental  principles,  conservation  of  areas, 
momentum,  energy,  least  action,  etc.     In  considering  the  motion 
of  any  part  of  a  system,  we  find  that  we  may  conveniently 
introduce  certain  actions  of  the  other  parts  of  the  system  upon 
it  which  are  measured  by  forces,  which  thus  come  in  as  mere 
definitions.     He  does   not  seem   to   investigate  anywhere  the 
question  as   to  the  danger   of  his  rigid   connexions  becoming 
tangled.      Analytically  a  postulate  that  the  points  of  two  dif- 
ferent bodies  that  act  on  one  another  are  in  contact  is  easily 
expressed,  but  it  does  not  follow  that  when  we  come  to  invent 
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actual  rigid  connexions  to  produce  the  observed  effects,  they 
will  do  so  for  any  length  of  time  without  jamming.    It  is  a 
seductive  theory  that  gi*avitation  or  electrical  actions  may  be 
due  to  vortex  filaments  ending  on  atoms ;  but  the  tangling  of 
the  filaments  is  a  very  serious  difficulty  that  has  not  been 
satisfactorily  got  over.    Hertz  does  not  seem  to  feel  this  as  a 
serious  difficulty,  but  he  does  notice  an  obvious  objection  that 
is  sure  to  be  raised,  namely,  that  rigidity  in  itself  postulates 
forces.    To  this  he  replies  that  rigidity  in  itself  is  merely  a 
matter  of  definition  and  of  fact.    How  is  our  view  of  the  fact 
that  two  points  are  at  a  constant  distance  apart,  improved  by 
saying  that  there  is  a  force  between  them  ?    As,  however,  real 
bodies  are  only  imperfectly  rigid.  Hertz  concedes  that  it  may 
be  that  when  we  learn  more  about  these  invisible  connexions, 
they  may  turn  out  not  to  be  absolutely  rigid.    It  is  a  matter 
for  further  investigation.     This  very  same  view   might  have 
been  urged,  and  has  been  urged  already  with  i*eference  to 
actions  like  gravity.     The  law  of  gravity  can  be  perfectly  well 
described  without  any  reference  to  the  notion  of  force.    We 
niay  say,  every  element  of  matter  moves  towards  every  other 
element  in  the  universe  with  an  acceleration  inversely  propor- 
tional to  the  squaie  of  their  distances  apart.     We  can  describe 
the  law  kinetically,  just  as  Hertz  proposes  to  describe  the  law 
of  motion  of  parts  of  a  rigid  body.     There  is  no  necessity^  how- 
ever convenient  it  may  be,  to  introduce  the  notion  of  force ; 
the  other  bodies  in  the  universe  are  a  sufficient  cause  for 
motion   of  each,  without   postulating  an   entity,   force.     The 
principal   reason  for  introducing   this  notion   was  to  account 
for  a  body  acting  where   it  was  not;  force   was  invented   to 
get  over  this ;  the  body  produced  force,  and  this  force  existed 
where  the  body  did  not,  and  there  acted  on  other  bodies.     This 
whole  difficulty  seems,  however,  to  l)e  partly  due  to  want  of 
distinct  ideas  connected  with  the  question  of  where  a  body  m. 
We  are  so  accustomed  to  consider  a  body  as  having  a  definite 
boimdaiy,  that  we  think  there  is  a  definite  boundary  in  reality. 
All  we  know  of  the  atoms  and  molecules,  however,  would  lead 
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us  to  conclude  that  round  the  centre  of  each  there  is  a  very 
complexly  structured  region  which  may  or  may  not  change 
abruptly  in  structure,  but  which  often  extends  to  considerable 
distances  from  the  atom,  so  that  it  is  practically  impossible  to 
state  absolutely  where  the  atom  ends  and  where  the  enipty 
space  begins.  With  this  view  of  matter  there  is  no  serious 
reason  why  we  may  not  rightly  consider  each  atom  as  existing 
everywhere  that  it  acts,  that  is,  throughout  the  whole  of  space, 
for  its  action  in  causing  gravitational  accelerations  exists,  so  far 
as  we  know,  throughout  space.  A  view  of  this  kind  entirely 
gets  over  any  difficulty  of  a  body  acting  where  it  is  not ;  for 
all  bodies  are  everywhere,  and  if  we  consider  matter  to  be 
the  cause  of  motion  of  other  matter,  there  seems  no  very 
imperious  necessity  for  imagining  another  cause  which  we 
call  force. 

There  are  two  assumptions  that  Hertz  makes  which  he 
considers  can  only  be  proved  by  their  succesa  One  is  that  aU 
the  connexions  in  nature  can  be  represented  by  linear  dififer- 
ential  equations.  There  are  plenty  of  cases  imaginable  in 
which  this  would  not  be  true,  as,  for  example,  connexions 
depending  on  the  curvature  of  the  path.  The  other  assump- 
tion is  that  forces  can  be  represented  by  force  functions.  This, 
again,  may  not  be  a  complete  representation  of  nature. 

Following  this  introduction  comes  the  book  itself,  which 
is  divided  into  two  parts.  The  first  part  is  purely  kine- 
matical,  the  second  deals  with  the  deductions  from  Hertz's 
fundamental  postulate  of  motion  in  the  straightest  possible 
path. 

The  first  part  begins  by  explaining  what  is  meant  by  the 
path  of  a  system  of  points.  To  get  at  this  we  calculate  the 
mean  square  of  the  displacements  of  a  system  of  points  when 
they  are  displaced  :  the  square  root  of  this,  Hertz  calls  the 
displacement  of  the  system  of  points.  If  there  is  a  mass  at 
each  point,  then  the  displacement  of  the  system  is  the  square 
root  of  the  mean  squares  of  the  displacements  of  the  points, 
each  multiplied  by  the  mass  at  it.    Thus,  if  s  be  the  displace- 
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ment  of  the  system,  and  «i,  S|,  etc.,  the  displacements  of  each 
point  of  masses  mi,  m^,  etc.,  then 

(mi  +  t/ii  +  . . .  .)«•  =«  mi«i*  +  mA*  +  • .  •  • 

By  taking  «i,  «i,  etc,  as  the  displacements  in  the  element  of 
time,  we  evidently  get  a  similar  expression  for  the  velocity  of 
the  system,  and  for  its  acceleration.  The  mean  square  of  the 
velocity  of  the  parts  of  a  system  is  well  known  in  connexion 
with  the  principle  of  least  action.  Further  than  this,  however, 
Hertz  defines  the  angle  between  two  displacements.  This  is 
defined  by  the  equation 

(mi  +  m,  +  ...,)  «»'  cos  €  «  (wiiSi«'i  cos  ai  +  m-^t  cos  as  +  . . . .) 

s  and  ^  being  the  two  displacements  of  the  system  as  calculated 
above,  and  «i,  /j,  etc.,  the  two  displacements  of  each  point  and 
Qi,  as,  the  angles  between  these  latter ;  then  e  is  the  angle  between 
B  and  s'.  Hertz  remarks  that  these  can  aU  be  veiy  interestingly 
expressed  in  terms  of  space  of  multiple  dimensions,  in  which 
analytical  diagrams  are  supposed  to  be  drawn.  This,  however, 
represents  the  real  by  the  unattainable.  There  follow,  theii» 
several  chapters  expressing  these  displacements  in  terms  of 
various  systems  of  coordinates,  and  discussions  as  to  the  con- 
ditions that  the  connexions  of  a  system  should  fulfil  in  order 
that  they  may  be  represented  by  equations  not  involving  differ^ 
entials.    The  curvature  of  the  path  is  here  studied.    It  is  defined 

as  c  «  -7-,  and  from  this  it  follows  that,  representing 

d^  by  x'',  etc. 
(m,  +  ms  +  ....)  c'  =  Si*  mi(x'\^  +  ?/'i«  +  /'i«). 

The  problem  then  of  making  the  path  of  the  system  straight- 

est,  is  to  make  c  a  minimum  consistently  with  the  connexions 

of  the  system.    Now,  in  accordance  with  his  assumption  that 

the  connexions  of  the  system  are  linear  differential  equations  of 

the  form 

2i"  (P,a/i  +  Qi/i  +  Ki^'i)  -  0, 
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whose  di£ferentiation  gives 

Si"Pia^'i  +  Si*  Si*  ^  ^i3f%  +  ...  -  0, 
we  are  to  determine  the  TninimiiTn  value  of 

711 

where 

Tfl  ■■  7ll\  +  Tllj  +  .  .  .  . 

In  determining  the  variations  of  these,  we  must  recollect 
that  the  positions  and  directions  of  displacement,  z.  e.  the  first 
differentials  of  the  system,  are  supposed  given,  and  that  it  is 
oidy  the  second  differentials  that  can  be  varied  in  order  to 
make  e  a  minimum.  Introducing  then,  a  system  of  indeter- 
minate coefficient  X,  /i,  etc.,  corresponding  to  the  equations  of 
condition,  we  evidently  get  a  system  of  equations  of  the  form 

-V'i+Si-PiX-0, 
m 

which  are  sufficient  to  determine  the  second  differentials  re- 
quired. 

From  this  form  of  result  one  can  see  how  the  ordinary 
equations  of  motion  are  derivable  from  the  conception  of  the 
straightest  path,  and  how,  when  dealing  with  part  of  a  system, 
these  indeterminate  coefficients  introduce  what  are  equivalent  to 
forces.  This  method  of  deducing  the  equations  of  motion  lends 
itself  particularly  well  to  the  deduction  of  the  principles  of  least 
action,  and  the  other  general  methods  in  dynamics.  So  far,  he 
deals  with  free  systems  subject  only  to  internal  constraints.  It 
is  where  he  investigates  how  to  deal  with  pans  of  systems  that 
he  requires  to  consider  the  nature  of  the  constraints  joining  one 
part  to  another.  For  this  purpose  he  defines  two  systems  as 
coupled  when  coordinates  can  be  so  chosen  that  one  or  more  of 
them  are  the  same  for  both  systems.  Force  is  then  defined  as 
the  action  one  system  has  on  another.  Now,  when  a  coordinate 
is  the  same  for  two  systems,  one  of  the  equations  of  condition 
isp^p^p  and  p'  being  coordinates  of  the  coupled  systems ;  and 
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for  this  equation  the  coefficient  P  becomes  the  same  in  the  two 
systems,  except  as  to  sign,  so  that  the  equations  of  motion 
involve  the  indeterminate  coefficient  X  corresponding  to  this 
equation  equally  with  reference  to  each  system.  It  is  thus 
that  the  equality  of  action  and  reaction  appears,  being  thus 
bound  up  with  the  constant  equality  of  the  common  coordinate. 
This  seems  to  be  where  the  assumption  that  the  connexions 
are  rigid  is  introduced.  When  rigid  bodies  act  upon  one 
another  by  non-slipping  contact,  certainly  the  coordinates  of 
the  point  of  contact  are  common  to  the  two  systems.  It  is 
also  quite  evident  that  if  we  assume  rigid  bodies  acting  upon 
one  another  by  contact  only,  we  can  have  no  potential  energy, 
and  all  necessity  for  talking  about  the  forces  disappears.  In 
Hertz's  system  there  are  no  forces  like  Newton's  acting  between 
bodies  which  have  no  common  coordinate,  like  the  Earth  and 
the  Sun.  We  would  have  to  invent  connexions  to  explain  the 
motion  before  we  could  be  certain  that  action  and  reaction  are 
equal  in  this  case. 

The  proof  of  the  principle  of  \irtual  velocities  by  substituting 
for  the  forces  between  parts  of  a  system  a  number  of  puUeys 
which  produce  the  same  effects,  is  quite  analogous  to  Hertz's 
supposition  that  the  actual  connexions  are  by  rigid  bodies.  It 
is  not,  however,  liable  to  the  objection  that  the  connexions  may 
become  tangled,  for  it  is  only  applied  to  the  case  of  infinitesimal 
virtual  displacements,  while  Hertz  postulates  the  possibility  of 
his  connexions  existing  as  the  real  ones  for  all  time,  and 
throughout  all  finite  displacements  of  the  system. 

The  work  considers  many  other  matters,  and  shows  how  aU 
the  general  methods  in  dynamics  are  deducible  from  his 
fimdamental  postulate  of  the  straightest  path.  It  includes 
discussions  on  how  best  to  deal  with  systems  whose  connexions 
do  not  hivolve  differentials,  how  to  treat  cyclical  coordinates,  and 
many  other  matters.  It  is  most  philosophical  and  condensed, 
and  gives  one  of  the  most — if  not  the  most — philosophical 
presentations  of  dynamics  that  lias  been  published.  It  is  worthy 
of  its  author :  what  more  can  be  said  ? 

z 
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ON  SOME  CONSIDERATIONS  SHOWING  THAT  MAXWELL'S 
THEOREM  OF  THE  EQUAL  PARTITION  OF  ENERGY 
AMONG  THE  DEGREES  OF  FREEDOM  OF  ATOMS  IS 
NOT  INCONSISTENT  WITH  THE  VARIOUS  INTERNAL 
MOVEMENTS  EXHIBITED  BY  THE  SPECTRA  OF 
GASES. 

[From  Nature,  March  7,  1895.] 

It  has  been  generally  held  that  a  sufficient  freedom  of  internal 
motion  in  an  atom,  to  explain  the  spectra  of  gases,  proved  that 
the  theorem  as  to  equal  partition  of  energy  among  all  degrees  of 
freedom  could  not  hold ;  and  various  suggestions  have  been  made 
as  to  why  the  proof,  as  given  by  Maxwell,  Boltzmann,  and 
others,  fails  in  this  case.  Prof.  Schuster  has  su^ested  that 
the  numerous  lines  need  not  involve  the  same  nimiber  of 
degrees  of  freedom,  as  it  is  possible  that  there  may  be  con- 
nexions between  them  such  that  one  or  two  coordinates  would 
define  a  motion  which  when  analyzed  into  its  Fourier  com- 
ponents, as  is  done  by  a  grating  or  prism,  would  produce  a  very 
complex  system  of  lines.  However,  even  one  degree  of  internal 
freedom  would  interfei-e  very  seriously  with  the  observed  value 
of  the  ratio  of  specific  heats ;  and  the  object  of  this  note  is  to 
explain  how  this  difficulty  may  be  surmounted  without  sup- 
posing that  the  theorem  as  to  equal  partition  of  energy  is 
untrue,  for  it  is  not  by  any  means  disproved  because  a  certain 
form  of  proof  fails  in  certain  cases. 

It  has  been  long  held  that  the  motion  of  the  electrons  on 
neighbouring  atoms  is  very  much  controlled  by  the  ether 
between  them.     The  wave-length  of  light  is  generally  many 
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tiines  as  great  as  the  molecular  distances,  so  that  the  ether 
is  a  practically  rigid  connector  between  neighbouring  electrons. 
Suppose  now,  as  a  particular  example,  that  10*  atoms  are,  in 
this  sense,  and  so  far  as  the  motion  of  electrons  is  concerned, 
within  one  anothers'  control.  In  this  case  the  motion  of  these 
10*  electrons  might  be  defined  by  means  of,  say,  three  coordi- 
nates. Hence,  if  the  atoms  were  spheres,  there  would  be  3  x  10* 
degrees  of  freedom  plus  these  three  degrees  defining  the  motions 
of  all  the  electrons.  Now,  if  the  total  energy  be  equally  dis- 
tributed among  all  these  degrees  of  freedom,  each  atom  will 
only  have  its  share  of  the  electromotions,  and  its  energy  of 
external  motion  will  only  be  diminished  by  3  x  10"*th  part 
owing  to  the  existence  of  the  internal  motion  of  its  electrons. 
I  need  hardly  say  that  our  methods  of  calorimetry  are  by  no 
means  sufficiently  delicate  to  detect  anything  of  this  kind. 
There  might  be  a  thousand  such  internal  degrees  of  freedom, 
and  yet  the  ratio  of  specific  heats  would  agree  wth  obsei-vation. 
There  is  some  analogy  between  this  suggestion  and  the  case 
of  a  sphere  moving  in  a  liquid.  The  presence  of  tlie  liquid, 
although  apparently  endowed  with  an  infinite  number  of  degrees 
of  freedom,  does  not  really  increase  the  degrees  of  freedom  at 
all,  because  its  motion  is  entirely  defined  by  the  motion  of  the 
sphere.  In  a  somewhat  similar  manner,  I  would  suggest  that 
the  pi^esence  of  the  million  electrons  does  not  sensibly  increase 
the  degi*ees  of  freedom  of  motion  of  the  million  atoms,  as  aU 
their  motions  may  be  defined  in  terms  of  the  motion  of  a  few  of 
them.  That  the  ether  would  so  control  the  motions  of  electrons 
seems  almost  certain  from  what  we  know  of  the  rapidity  with 
which  electromagnetic  actions  arc  transmitted  by  it,  showing 
how  completely  it  behaves  in  respect  of  them  as  a  system  of 
rigid  connexions. 


z  2 
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HELHHOLTZ  MEMORIAL  LECTUBE 

[Delirered  befora  the  Chemical  Society  of  London.    Tram,  Chitn,  Soe. 

January,  1896.] 

'*  And  Nature,  that  old  nurse,  took 
The  child  upon  her  knee. 
Saying,  '  Here  is  a  story  book 
Thy  father  has  written  for  thee. 

« <  Come  wander  with  me,'  she  said, 
'  In  the  regions  yet  untrod, 
And  read  what  is  still  unread. 
In  the  manuscripts  of  God.' 

"  And  he  wandered  away  and  away 
With  Nature,  the  dear  old  nurse, 
Who  sang  to  him  night  and  day 
The  rhymes  of  the  Universe." 

Longfellow. 

When  standing  in  Chamounix,  beneath  Mont  Blanc,  we  are 
no  doubt  impressed  with  its  majesty,  and  oppressed  with  a 
sense  of  our  insignificance;  but  we  must  remove  to  a  greater 
distance  if  we  would  judge  properly  of  the  relative  importance 
of  the  giant  peaks  around  us,  if  we  would  see  the  great  moun- 
tain towering  above  its  neighbours,  the  heaven-supplied  source 
of  those  glorious  glaciers  that  in  Chamounix  seemed  to  spring 
from  the  lesser  heights  around.  We  are  now  only  a  little 
more  than  a  year  after  Helmholtz's  death,  and  hardly  sufh- 
ciently  removed  from  his  times,  from  the  immediate  presence 
of  his  contemporaries,  from  the  personal  acquaintance  of  so 
many  great  minds,  for  us  to  judge  with  perfect  confidence  of 
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the  relative  importance  of  the  giant  intellects  around  us. 
"His  contemporaries,  no  doubt,  valued  ''gentle  Shakespeare, 
fancy's  child,"  as  they  valued  Ben  Jonson  or  Mailow ;  but  it 
was  reserved  for  succeeding  generations  to  appreciate  how  im- 
measurably this  woodland  warbler  outstripped  these  in  majesty 
of  intellect  That  Helmholtz  has  been  one  of  the  great  scien- 
tific intellects  of  his  time  is  already  abundantly  evident  We 
can,  however,  hardly  judge  what  his  exact  position  as  a  founder 
of  the  doctrine  of  conservation  of  energy,  of  the  theory  of 
vortex  motion,  of  the  principles  of  sight  and  hearing,  is  in 
relation  to  those  other  great  scientific  intellects, — Faraday, 
Maxwell,  and  Hertz,  who  have  laid  on  a  new  foimdation  our 
knowledge  of  the  all-pervading  ether, — or  Jenner  and  Pasteur, 
who  have  created  a  rational  foundation  for  medical  and  surgical 
treatment,  and  originated  the  conceptions  by  means  of  which 
we  hope  some  day  to  leani  the  structure  of  matter, — or  Darwin, 
who  has  done  more  than  any  other,  since  Copernicus  and 
Newton,  to  revolutionise  man's  conception  of  the  world  around 
him,  and  of  his  place  in  Nature. 

It  is  remarkable  how  many  great  men  have  attributed  theii* 
peculiar  gifts  to  the  peculiarities  of  their  family  life.  Helm- 
holtz seems  to  have  consitlercd  the  dnulgeiy  of  school  as  little 
better  than  a  necessaiy  oil.  What  he  liked,  that  entered  into 
his  life;  what  he  disliked,  was  hardly  assimilated  at  alL  He 
puts  it — "  Wliat  a  man  does  easily  he  usually  docs  willingly." 
I  would  rather  say — "  What  a  man  does  willingly  he  usually 
does  easily."  It  is  the  taste  that  creates  the  will  to  do,  and 
that  makes  the  hard  work  easy.  His  love  for  nature  was 
satisfied  by  learning  geometry  from  wooden  blocks,  by  walks 
in  the  coimtry  with  his  father,  by  experiments  with  acids  on 
his  mother's  linen,  by  making  telescopes  with  spectacle  glasses, 
by  studying  books  on  jihysics  in  his  father  s  library.  Thus  was 
nursed  that  impulse  to  dominate  the  actual  world  by  acquiring 
an  understanding  of  it,  which  became  the  passion  of  his  exist- 
ence, and  guided  his  whole  life.  Thus  liis  real  life  seems  to  have 
been  nourished  by  things  quite  outside  his  school  experiences. 
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and  he  seems  hardly  to  have  looked  upon  educational  insti- 
tutions as  truly  educational  till,  in  the  Grerman  University^ 
he  had  scope  for  expanding  in  the  directions  for  which  his 
nature  was  specially  fitted.  Like  an  ivy  plant  in  an  herbaceous 
border ;  clipped  here  and  there  to  suit  its  surroundings,  it  never 
eiq[>ands  freely,  nor  does  itseU  justice,  nor  produces  really 
healthy  growth,  till  transplanted  to  the  neighbourhood  of  the 
wall  over  which  its  nature  is  specially  fitted  to  make  it  grow, 
and  where  it  develops  into  its  perfect  ideal  This  passion  to 
dominate  nature  drove  young  Helmholtz  to  attack  great  prob- 
lems. Young  men  are  favourably  circumstanced  for  doing  this. 
Many  try,  few  succeed.  Hope,  enthusiasm,  energy  are  theirs. 
Unencumbered  by  old  habits  of  thought  their  minds  develop 
new  roads  of  attack.  The  development  of  habits  is  necessary 
for  the  indi\adual,  and  hence  for  the  race,  but  it  stops  develop- 
ment along  new  lines.  Hence  the  necessity  for  kindly  death, 
that  new  minds  may  grow,  that  mankind  may  improve.  To 
young  Helmholtz,  the  then  being  discovered  principle  of  the 
conservation  of  energy,  seemed  almost  self-eWdent.  He  thought 
that  all  the  scientific  world  was  as  satisfied  as  himself,  except 
a  few  medical  and  biological  students,  whose  studies  had  kept 
them  out  of  the  flow  of  physical  science.  For  the  sake  of  these 
he  wrote  a  paper  on  the  Conservation  of  Energy,  and  then  it 
appeared  that  he  was  a  pioneer.  Physical  science  students  had 
not  grasped  the  generalizations  they  were  engaged  on.  This 
young  master  mind  was  required  to  clear  the  new  path,  to  call 
the  attention  of  those  engaged  in  renio\'ing  some  immediately 
present  obstacle  to  the  immense  prospect  aroimd  them,  to  show 
them  the  country  they  had  invaded,  and  hoist  the  flag  of  science 
in  the  conquered  tenitory. 

To  Baconian  England  it  seems  strange  to  be  told  that 
physicists  had  to  contend  against  Hegelianism  in  Germany. 
That  preconceived  notions  of  what  ought  to  be  may  obscure 
mankind's  vision  of  what  is,  in  both  scientific  and  religious 
circles,  is  what  we  all  expect ;  but  that  what  we  in  England  would 
call  metaphysical  \iews  of  phenomena  should  obstruct  diffusion 
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of  truth,  shows  a  seriousness  about  metaphysics  in  Germany 
that  it  would  be  hard  to  parallel  in  England.  Britain  has 
produced  one  of  the  most  original  and  brilliant  metaphysicians 
since  Plato,  the  great  and  good  Bishop  Berkeley ;  but  this  father 
of  Hume,  who  startled  Kant  from  his  scholastic  dreaming  to 
create  all  modem  metaphysics,  has  never  been  taken  seriously 
by  his  fellow-countrymen.  Metaphysics  is  to  most  of  them 
inanity,  and  we  consequently  wonder,  when  we  see  meta- 
physical theories  taken  so  seriously  elsewhere  as  to  produce 
effects  similar  to  those  produced  here  by  authority  or  by 
religion. 

Great  problems  attracted  Helmholtz's  attention :  those  of 
spontaneous  generation  and  of  the  souix^e  of  energy  in  muscular 
contractions.  But  after  a  little  work  on  these,  his  duties,  as 
lecturer  in  Konigsberg  on  general  pathology  and  physiology, 
led  him  to  invent  the  ophthalmoscope,  which  raised  him  so 
much  in  the  estimation  of  the  world  and  of  his  colleagues,  that 
he  was  thenceforth  able  to  devote  his  time  and  energies  to  the 
subjects  he  liked  best  himself,  or  to  such  as  he  could  not  get 
others  to  do  for  him.  To  his  assistants  and  students  he  left  the 
carrying  out  of  investigations  whose  methods  and  ends  were  so 
far  defined  that  a  student  or  assistant  could  carry  them  out 
with  occasional  direction  from  headquarters,  while  he  himself 
engaged  in  investigations  that  might  lead  to  no  result,  and  the 
methods  of  attacking  which  were  as  yet  unknown.  How  for- 
tunate ifor  mankind  that  this  great  intellect  had  this  assistance, 
that  the  endowments  of  German  universities  should  be  available 
for  providing  such  assistance,  instead  of  being  frittered  away  in 
providing  scholarships  for  wealthy  schoolboys  to  bribe  them  to 
devote  unwilling  energies  to  the  culture  of  their  minds,  an  end 
that  would  be  much  better  attained  by  the  cheaper  method  of 
inflicting  hea\'y  fines  or  other  such  well  deser\e(l  punishments 
on  those  who  wilfully  and  wickedly  throw  away  the  great 
opportunities  of  improvement  presented  for  their  use.  Helm- 
holtz thus  obtained  time  for  continuous  thought,  time  to  wait 
for  discoveries,  time  to  prepare  the  ground  of  thought  by 


344  Helmholiz  Memorial  Lecture  f  1 896 

familiariiy  with  the  problem  in  all  its  aspects,  time  for  the 
evolution  of  all  sorts  and  kinds  of  hypotheses,  to  be  rejected 
one  by  one,  till  by  a  process  of  natural  selection  the  teeming 
brain  at  last  saw  the  true  solution  break  forth  like  the  Sun  from 
behind  the  clouds  that  this  Sun  has  all  along  illuminated,  and 
each  bright  spot  of  which  had  hitherto  held  out  hopes  of  success. 
As  the  natural  selection  of  animals  gradually  built  up  mankind 
from  an  undifferentiated  jelly,  so  the  conscious  selection  of  a 
genius  builds  up  the  great  idea  from  the  germs  of  thought. 
Continuity  and  variety  are  in  each  case  the  conditions  for  rapid 
progress,  and  in  the  brain  workshop  of  a  Helmholtz  we  see  the 
indefatigable  workings  of  a  superabundant  productiveness  bring- 
ing forth  innumerable  varieties  for  selection :  the  brain  action 
is  natural,  too.  To  Helmholtz  the  results  of  his  work  are  the 
**  natural "  outcome  of  what  went  before.  Is  there  any  real 
difference  between  the  productions  of  nature  and  the  produc- 
tions of  intellectual  activity  ? 

To  oneself,  no  doubt,  the  selection  each  time  is  for  the  sake 
of  some  ulterior  end,  for  the  attaining  of  some  object,  due  to  a 
final  cause,  but  to  another  obser\'er  the  brain  action  must  all  be 
explicable  as  due  to  efficient  causes.  These  latter  do  not  include 
the  former;  rather  each  makes  the  other  possible.  Can  it  be 
otherwise  in  that  teaming  creation  of  which  we  are  observers, 
in  which  we  only  see  efficient  causes,  for  we  are  only  observers, 
and  not  feelers  of  the  thoughts  of  nature  ? 

And  which  of  all  the  children  of  his  intellect  did  Helmholtz 
value  most  ?  Not  the  ophthalmoscope  that  took  him  a  week  to 
get  to  work,  nor  his  investigations  on  the  physiology  of  sight 
and  hearing  that  took  him  years  to  work  out  in  their  innumer- 
able details,  nor  those  theories  of  chemical  and  electrical  action 
that  occupied  his  later  yeare.  No,  it  was  his  Wctories  over 
mathematico-physical  problems  of  fluid  motion,  vortex  motion 
and  discontinuous  motion,  that  he  seems  to  have  looked  upon  as 
his  greatest  triimiphs.  These  seem  to  be  the  problems  that  he 
speaks  of  as  having  given  him  such  months  and  years  of  thought 
to  find  a  solution  of ;  that  he  attacked  this  way  and  that,  and 
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at  last  solved,  and  having  solved,  saw  then  a  broad  and  easy 
path  to  lead  others  by ;  a  path  that  was  pbWous  enough  when 
seen,  but  had  yet  eluded  his  grasp,  till  after  years  of  devious 
wandering  he  reached  the  goal,  and  then  discovered  the  direct 
route.  Their  veiy  simplicity  now  makes  it  almost  impossible 
for  those  who  follow  to  see  in  these  works  the  value  Helmlioltz 
attaches  to  them. .  Great  and  magnificently  general  as  they  are, 
laying  as  they  do  a  possible,  nay,  probable,  foundation  for  a 
dypamical  explanation  of  all  natural  phenomena,  they  seem 
now  so  obvious  that,  like  Galileo's  law  of  the  motion  of  falling 
bodies  which  laid  the  foundations  of  all  dynamics,  they  are 
almost  taken  for  granted  as  a  natural  possession  of  the  human 
mind.  We  are  inclined  rather  to  think  our  predecessors  must 
have  been  blind,  not  to  see  such  obvious  tilings,  than  to  credit 
the  discoverei-s  with  preternatural  insight. 

To  the  Chemical  Society  the  question  of  most  impoitance  is 
how  Helmholtz's  work  bears  on  chemical  theories.  Unfortu- 
nately, there  is  very  little  really  known  about  this  in  respect  of 
vortex  motion.  Lord  Kelvin  has  made  the  brilliant  suggestion 
that  atome  are  vortex  rings,  and  upon  this  all  subsequent 
guesses  have  been  founded;  for  our  knowledge  in  this  direc- 
tion is  very  little  better  than  guesses.  Ilelmholtz  had  shown 
that  vortices  in  a  perfect  liquid  could  neither  create  nor  destroy 
one  another.  Once  created,  a  vortex  ring  is  permanent,  like  an 
atom  of  matter.  It  can  go  fast  or  slow,  it  can  vibrate,  it  can 
enter  into  partnership  with  others  or  rebound  from  them, 
according  to  circumstances,  but  vortex  rings  cannot  destroy 
one  another.  They  can  change  in  innumerable  ways,  can  be 
drawn  out  into  thin  threads,  or  gathered  up  into  spherical 
knots;  but  one  of  their  properties,  called  their  vorticity, 
rcmains  indestructibly  the  same  during  all  these  changes.  This 
was  Helmlioltz's  great  discover}',  and  is  the  foundation  for 
Lord  Kelvin's  brilliant  suggestion  that  atoms  are  vortex  rings 
in  a  perfect  liquid.  Advances  upon  this  suggestion  have  been 
made,  though  most  of  these  advances  have  brought  to  light 
serious  difficulties  in  the  way  of  accepting  the  hj'pothesis  in 


346  Helmholtz  Memorial  Lecture  [1896 

its  primitive  simplicity.  Something  has  been  done  to  attack 
the  problem  of  a  medium  like  a  gas  of  thin  vortex  rings,  and 
has  brought  to  light  two  very  serious  difficulties.  The  more 
energy  we  give  to  the  rings  the  greater  is  their  inertia,  and  the 
dower  they  move.  Now  it  is  generally  believed  that  the  inertia 
of  a  body  is  independent  of  its  temperature.  We  can  be  sure 
that  the  ratio  of  the  inertia  to  gravitation  is  independent  of 
temperature  to  a  very  high  order  of  approximation.  We  may 
be  practically  certain  that  the  mean  temperature  of  the  Earth 
18  much  higher  than  that  of  the  Moon,  and  that  of  Jupiter  than 
of  his  moons.  Now,  if  the  inertia  of  a  body  increased  with  its 
temperature  but  its  coefficient  of  gravitation  did  not,  it  would 
lead  to  very  serious  discrepancies  in  the  astronomical  theory  of 
the  motions  of  the  various  members  of  the  solar  system.  An 
investigation  of  possible  small  departures  from  constancy  of 
coefficient  of  gravitation  would  be  most  interesting  in  con- 
nexion with  the  question  as  to  the  effective  inertia  of  electrons. 
Departures  from  constancy  of  refractive  power  seem  to  show 
that  the  drag  of  ether  on  matter  is  not  exactly  proportional  to 
mass,  and  if  any  sensible  amount  of  the  inertia  of  matter  is  due 
to  an  ether  disturbance  accompanying  its  motion  there  might 
be  a  difference  between  the  inertia  of  the  matters  constituting 
what  are  probably  such  differently  constituted  bodies  as  the 
planets.  We  cannot  be  at  all  so  sure  that  both  inertia  and 
gravitation  do  not  increase  simultaneously  with  temperature. 
Very  few  experiments  indeed  have  been  made  as  to  the  vari- 
ation of  the  weight  of  a  body  with  temperature.  It  is  difficult 
to  weigh  hot  bodies  accurately,  and,  in  conseq;ience,  there  does 
not  seem  to  be  any  conclusive  proof  that  the  weight  of  a  body 
does  not  change  with  its  temperature.  If  it  does  not  do  so  by 
a  measurable  amount  the  simple  vortex-ring  theory  of  matter 
can  hardly  be  true.  As  regards  the  velocity  with  which  vortex 
rings  move,  the  elementary  dynamics  of  how  sound  is  propagated 
by  a  medium  like  gas,  in  which  the  molecules  are  only  for  a 
short  part  of  their  time  in  collisions,  acting  on  one  another,  and 
are  for  by  far  the  greater  part  of  their  time  engaged  in  flights 
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between  collisions,  proves  that  the  velocity  of  sound  must  be 
proportional  to  the  velocity  of  flight.  It  is  known  that  the 
velocity  of  sound  increases  with  temperature,  and  so  we  are 
landed  on  the  horns  of  a  dilemma,  either  the  molecules  are  not 
thin  vortex  rings  in  an  otherwise  simple  liquid,  or  else  when  we 
give  heat  to  a  gas  we  are  in  some  mysterious  way  taking  more 
energy  from  it  than  we  give  to  it  This  latter  suggestion,  if  it 
can  really  be  worked  out,  would  get  over  the  other  difficulty  as 
to  the  variation  of  inertia  with  temperature,  for  the  suggestion 
is  based  upon  the  supposition  that  we  have  to  deal,  not  with  the 
motion  of  the  ring  as  a  whole,  but  only  of  its  rotational  core. 
Some  people  may  have  rather  a  preference  for  this  latter 
horn  of  the  dilemma,  but  I  certainly  think  that  all  we  know 
of  matter  and  the  ether  points  to  the  conclusion  that  whatever 
atoms  are,  there  is  certainly  a  complicated  structure  in  the 
space  between  the  atoms.  This  is  required  to  explain  electro- 
magnetic actions,  and  consequently  atoms  aie  certaiidy  not 
simple  thin  vortex  rings  in  an  otherwise  unmoving  and 
structureless  liquid.  It  has  been  shown  that  an  intensely 
moving  liquid  coidd  propagate  disturbances  somewhat  like 
light,  if  there  were  no  diffusion  of  the  motion,  and  at  the 
last  meeting  of  the  British  Association  we  were  told  of  a 
structure  for  that  motion  which  would  not  diffuse. 

In  this  connexion,  it  may  be  worth  while  pointing  out  that 
as  vortices  move  of  themselves  fi^eely  and  independently  of  the 
density  of  the  liquid,  there  is  no  necessity  for  supposing  that  the 
density  of  the  liquid  is  small.  In  fact,  the  simple  theory  would 
point  to  the  conclusion  that  its  density  may  be  greater  than  that 
of  platinum.  Tliis  would  require  the  enei*g}'  per  cubic  centi- 
metre of  the  tuibulent  motion  to  which  the  propagation  of 
light  is  due  to  be  very  lai-ge  indeed,  appi-oachiug  a  million  of 
millions  of  kilojoules,  i.  f .,  it  would  be  equivalent  to  a  million 
horse-power  for  10  hours  a  day  for  nearly  a  month.  It  has 
been  suggested  that  an  atom  is  a  hole  in  a  vortex-cell  ether. 
The  suggestion  is  ingenious,  but  is  hardly  consistent  with  the 
aeparateness  of  atoms,  their  ability  to  combine  and  separate 
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again  regaining  all  their  primitive  properties.  So  far,  no  better 
suggestion  has  been  made  than  that  atoms  are  regions  of  vortex 
motion,  and  as  it  seems  quite  possible  that  a  vortex  ring  might 
take  up  a  steady  motion  of  association  with  a  vortex  cell,  and 
in  moving  from  place  to  place  may  carry  energy  proportional 
to  the  square  of  its  rate  of  translation,  and  still  more  as  no 
one  knows  with  certainty  how  vortex  rings  would  behave  in 
a  structureful  medium  such  as  the  ether  is,  I  prefer  in  our 
ignorance  the  horn  of  the  dilemma,  that  holds  that  atoms  are 
not  simple  thin  vortex  rings  in  an  otherwise  unmoving  liquid. 

The  theory  does  more,  however,  than  land  us  in  dilemmas. 
There  is  another  residt  of  Helmholtz's  work  which,  though  it  too 
is  full  of  difficulties,  has  a  sufficiently  curious  analogy  to  chemical 
facts  to  make  it  wonderfully  possible  that  there  is  some  connexion 
between  the  two.  When  two  parallel  vortex  threads  are  near  one 
another,  and  are  both  rotating  in  the  same  direction,  they  can  take 
up  a  steady  condition  of  rotating  round  one  another  which  is  pretty 
stable.  Three  vortex  threads  can  do  the  same,  taking  up  positions 
at  the  comers  of  a  triangle.  Foiu:,  five,  and  six  can  behave 
likewise,  but  if  we  try  to  make  seven  vortices  rotate  round 
one  another  the  condition  becomes  unstable.  That  there  are 
unstable  states  of  this  kind  seems  certain,  but  there  is  also  no 
doubt  that  any  number  of  vortices  could  exist  as  a  stable  system, 
thick  .vertices  being  in  fact  collections  of  vortex  filaments.  The 
chemical  analogy  is,  however,  between  these  systems  of  vortices 
that  become  unstable  when  more  than  six  are  involved,  and  the 
chemical  fact  tliat  no  element  has  ever  been  required  to  possess 
more  than  six  monovalent  elements  simply  connected  with  it. 
Now,  though  the  connexion  is  undoubtedly  far-fetched,  and 
though  the  suggestion  does  not  seem  to  explain  why  three  or 
more  hydrogen  atoms  should  not  be  pretty  fond  of  revolving 
round  one  another  in  a  happy  family,  yet  there  is  undoubtedly 
something  very  striking  in  the  numerical  coincidence  between 
the  number  of  bonds  required  for  chemical  combinations  and 
the  number  of  vortices  that  can  be  absorbed  into  a  single  system 
of  this  kind.    Pending  any  other  dynamical  suggestion  as  to 
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why  chemical  bonds  are  limited  in  numbers,  there  seems 
sufficient  grounds  from  this  coincidence  for  keying  the  matter 
prominently  in  view,  in  hopes  that  further  light  may  be  thrown 
on  these  fundamental  questions.  The  other  dii-ections  in  which 
one  might  look  for  numerical  coincidences  of  this  kind  are  in 
the  finite  mmibers  of  stable  positions  of  magnets,  in  the  finite 
numbers  of  the  regular  solids,  and  of  the  possible  crystalline 
systems.  Considering  the  success  that  has  attended  the 
development  of  the  analogies  founded  on  the  geometry  of  the 
tetrahedron  in  the  case  of  carbon,  it  is  certainly  well  worth 
while  developing  corresponding  solid  geometrical  analogies  in 
respect  of  other  elements.  Considering  that  a  vortex  ring  is  in 
many  respects  an  area  over  which  sources  are  distributed  on  one 
side  and  sinks  on  the  other,  and  that  sources  and  sinks  behave 
in  some  respects  like  positive  and  negative  electrified  points, 
there  seems  some  possibility  that  vortices  may  in  some  respects 
behave  like  polar  bodies.  From  what  we  know  of  nature,  a 
kinetic  analogy  is  always  to  be  preferred  to  a  statical  one,  being 
more  probably  like  the  truth.  If  it  is  required  to  connect  the 
geometry  of  the  tetrahedron  as  regards  the  a8}Tnmetric  carbon 
bound  molecules  with  the  vortex-ring  theor}'  of  matter,  we  must 
proceed  somewhat  as  follows.  It  appeal's  at  first  sight  as  if  it 
would  not  suffice  to  arrange  the  four  vortex  filaments  that  rotate 
with  the  carbon  simply  at  four  of  the  comers  of  a  pentagon  to 
make  a  system  competent  to  circulate  along  with  the  earlwn 
filament  at  its  fifth  comer.  It  is  well  known  that  four  points 
in  a  plane  cannot  represent  the  atomic  bonds  of  carbon.  One  of 
them  must  be  out  of  the  plane  of  the  other  three  in  order  that 
the  rotational  properties  of  many  carbon  compounds  may  be 
represented.  In  the  case  of  the  vortex  filaments  a  corresponding 
result  might  be  obtained  by  supposing  the  attached  filaments  to 
be  wound  corkscrew  fashion  round  the  carbon  filament.  Such 
corkscrew  filaments  are,  no  doubt,  possible,  but,  unless  vortex 
filaments  can  cross  one  another,  which  is  certainly  not  generally 
possible,  no  free  vortex  ring  could  be  wound  corkscrew-wise 
round  another.    The  same  result  might  follow  by  supposing 
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ihat  there  are  right-handed  and  left-handed  carbon  atoms. 
Though  such  might  undoubtedly  exist,  this  seems  a  very 
improbable  explanation  of  the  rotational  light  phenomena  in 
view  of  the  possibility  of  changing  one  of  these  isomeric  bodies 
into  the  other  by  a  moderate  rise  of  temperature.  We  must, 
then,  conclude  that  the  difference  between  the  right-  and  left- 
hand  distributions  of  filaments  must  be  a  difference  of  their 
order  of  distribution  round  the  pentagon  takm,  in  conjunction 
with  the  circulation  of  filaments  round  one  another.  If  we 
suppose  four  filaments,  a,  h,  c,  dy  arranged  in  this  order  when 
we  go  in  the  direction  of  circulation,  we  can  have  a  comple- 
mentary system  arranged  in  the  order  d,  c,  b,  a,  taken  in  the 
direction  of  circulation,  and  these  two  systems  differ  in  the  same 
sort  of  way  as  a  right-  and  left-handed  screw.  In  all  these 
arrangements  there  woidd  be  a  greater  facility  of  interchange 
between  a  and  h,  i.e.,  between  neighbouring  filaments,  than 
between  a,  c  or  i,  d,  so  that  in  addition  to  this  right-  and  left- 
handed  isomerism  there  woidd  be  a  possible  distinction  between 
a,  b,  c,  d  and  a,  c,  b,  d.  This,  so  far  as  I  know,  has  not  been 
observed,  and  would  consequently  throw  doubt  on  the  suggestion 
that  this  vortex  analogy  is  founded  on  any  real  likeness.  There 
seem  also  very  great  difficulties  in  extending  the  analog}'  to 
complicated  cases,  such  as  the  benzene  ring,  where  a  carbon 
filament  has  to  be  partly  satisfied  by  one  bond  of  a  complex 
molecule,  partly  by  one  bond  of  another  carlx^u  atom,  and  partly 
by  two  bonds  of  a  second  carbon  atom.  Too  little,  however,  is 
known  of  the  possible  combinations  of  vortex  filaments  to  be  at 
all  sure  whether  six  filaments,  each  with  an  attendant  satellite, 
coidd  not  very  well  circulate  round  one  another  in  a  stable 
group.  In  this  case,  as  in  the  former  one,  the  direction  of 
circulation  would  bring  us  the  two  isomeric  distributions  of  the 
satellites  round  the  system  that  is  at  present  represented  by  the 
alternate  double  and  single  bonding. 

There  are  several  serious  difficulties  from  the  chemical 
point  of  view  to  the  supposition  that  these  combinations  of  thin 
vortex  rings  are  really  like  what  is  actually  taking  place.    The 
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possibility  of  a  pennanent  combination  of  rings  has  only  been 
proved  possible  when  the  strengths  of  the  components  are  equal 
Now  this  is  quite  out  of  harmony  with  known  chemical  pheno- 
mena. Compare,  for  instance,  the  two  similar  bodies  water  and 
cetylalcohoL  Their  chemicalcompositions,H*0'H  and  CicHu'O'H, 
and  behaviour  show  that  the  complex  system  CicHu  goes  in  and 
out  of  combination  in  just  the  same  sort  of  way  as  the  simple 
atom  H.  Now  a  vortex  ring,  CigHss,  consisting  of  thin  filaments, 
would  according  to  theory  be  63  times  as  strong  as  the  simple 
H  ring,  and  consequently  would  not  behave  as  a  whole  in  at  all 
the  same  way  as  this  H  ring.  If  it  is  i^eally  necessary  that  the 
components  of  a  system  must  be  of  the  same  strength,  the  con- 
sideration of  the  various  alcohols  is  fatal  to  the  theory  that 
chemical  combination  is  at  all  like  this  association  of  vortex 
rings.  However,  the  proof  that  equality  of  strength  is  neces* 
sary  in  order  to  make  this  association  pennanent  seems  to  me 
inconclusive,  and  so  there  may  yet  be  something  important 
in  the  analogy. 

Another  serious  difficulty  is  as  to  the  explanation  of  the 
enormous  differences  of  mass  of  the  atoms.    Mercury,  for  in- 
stance, is  200  times  as  massive  as  hydrogen.     Now,  according 
to  the  hypothesis  that  has  been  proposed,  the  strength  of  the 
mercury  ring  is  the  same  as  that  of  the  hydrogen  one,  and  the 
only  way  in  which  it  can  have  this  enoimous  mass  is  by  its 
having  a  radius  14  times  as  great.      If  the  aveitige  volume 
occupied  by  an  atom  be  considered  as  prcportional  to  the  sphei'e 
upon  which  the  rmg  would  lie  as  a  great  circle,  it  would  follow 
that  the  volmne  of  a  mercury  atom  would  be  something  like 
2800  times  as  great  as  that  of  a  hydrogen  atom.     This  does  not 
seem  at  all  in  accordance  with  what  we  know  of  these  bodies. 
Tliis  difficulty  would  be  largely  surmounted  if  we  could  adopt 
the  proposal  already  mentioned  of  supposing  that  when  dealing 
with  vortex  rings  we  have  to  deal  with  the  momentum  of  the 
core  of  the  ring,  and  not  with   that  of  the  whole    motion 
involved.      We  might,  then,  suppose  that  massive  rings  had 
thick  cores  with  a  slow  rotation,  so  as  to  have  the  same  strength 
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but  a  greater  momentum  than  the  thinner  rings,  even  though 
the  radius  of  the  rings  as  a  whole  differed  only  slightly.  The 
theory  of  nearly  spherical  and  worm-like  vortices  would  lead 
to  a  somewhat  similar  solution,  but  then  the  theory  of  their 
association  into  systems  has  not  been  at  all  fully  worked  out, 
and  we  cannot  say  whether  it  does  or  does  not  lead  to  results 
such  as  are  known  to  hold  in  chemical  combination. 

A  further  difficulty  from  the  chemical  point  of  view  is  that 
carbon  should  be  a  diad,  and  only  by  becoming  doubled  upon 
itself  in  a  way  that  has  never  been  proved  to  be  possible  for  a 
vortex  ring  can  it  become  a  tetrad.  Similarly,  nitrogen  becomes 
essentially  a  monad,  and  there  seems  to  be  no  explanation  of 
NtOs.  The  suggested  doubling  by  which  carbon  becomes  a 
tetrad  would  produce  two  allotropic  forms  of  tetrad  carbon, 
one  right-handed  and  the  other  left-handed,  and  there  is  no 
evidence  for  this.  In  fact  the  whole  system  of  atomicity  as 
evolved  from  the  theory  of  the  association  of  thin  vortex  rings 
\&  sadly  at  variance  with  that  derived  from  the  study  of 
chemical  facts. 

This  should  induce  study  of  other  forms  of  vortex  motion — 
study  of  thick  rings  and  of  spherical  and  worm  vortices.  There 
are  several  ways  in  which  these  latter  are  not  subject  to  the 
same  objections  as  thin  ring  vortices.  They  in  some  cases 
increase  in  velocity  when  energy  is  given  to  them,  so  that  the 
objections  depending  on  the  velocity  of  sound  increasing  with 
temperature  would  not  apply.  The  change  of  inertia  with 
temperature  would  still  exist.  They  could  apparently  swallow 
one  another  up,  so  that  something  analogous  to  chemical  combi- 
nation could  exist,  but  too  little  is  known  about  this  to  know 
whether  the  theory  of  their  association  would  be  less  open  to 
objection  than  that  of  thin  rings.  At  the  same  time  I  expect 
much  more  from  the  investigation  of  the  properties  of  a  complex 
medium  which  would  be  capable  of  producing  electromagnetic 
actions.  Any  suggestion  as  to  the  nature  of  atoms  that  does 
not  explain  electrolysis  cannot  be  more  than  an  analogy.  There 
is  some  hope  that  a  liquid  full  of  energetic  motion  could  explain 
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electromagnetic  actions,  and  a  theory  of  electromagnetic  actions 
depending  entirely  on  the  actions  of  electrons  associated  with 
atoms  has  been  worked  into  it  The  suggestion  that  electrons 
have  an  indiWdual  existence  is  undoubtedly  tempting,  but  it  is 
worth  while  keeping  constantly  in  view  the  possibility  that  their 
constancy  of  quantity  is  connected  with  a  constancy  of  structure 
of  the  ether  rather  than  with  any  individual  existence  of  each 
electron.  This  whole  subject  is  so  tentative  that  it  is  very 
doubtful  indeed  whether  any  real  use  could  be  made  of  these 
kinetic  analogies  at  all  comparable  with  the  use  that  has  been 
made  of  the  statical  analogy  of  carbon  to  a  tetrahedron.  Although 
kinetic  analogies  are  certainly  to  be  prefen*ed  to  statical  ones,  yet 
our  knowledge  of  the  mechanism  involved  is  still  so  very  imper- 
fect that,  as  in  the  case  of  the  elasticity  of  solids  and  even  of 
gases,  we  are  perforce  driven  to  think  in  statical  analogies,  and, 
though  we  know  that  the  energy  is  kinetic,  to  deal  with  it  as 
if  it  were  potential.  There  is  therefore  no  sufficient  reason  at 
present  for  not  using  corresponding  statical  analogies  to  repre- 
sent chemical  equilibrimn,  even  though  we  may  be  pretty  sure 
that  we  are  not  dealing  with  the  matter  in  the  manner  which  is 
absolutely  like  what  is  actually  taking  place. 

The  possibility  of  right-handed  and  left-handed  vortex  atoms 
has  been  mentioned.  There  are,  in  addition  to  the  doubling  of 
the  atom  on  itself  already  mentioned,  two  ways  in  which  these 
might  exist  There  might,  in  the  first  place,  be  a  sort  of 
temporary  right-  or  left-handedness  produced  by  a  corkscrew 
wave  motion  being  propagated  round  the  vortex.  Such  a 
vibration  could  hardly  subsist  permanently  amongst  the  clash 
of  molecules,  but  it  may  be  worth  keeping  in  view.  There 
might,  in  the  second  place,  be  a  circulation  of  liquid  inside  the 
vortex  core  either  in  the  right-  or  left-hand  direction  round  the 
line  of  motion  of  the  vortex  ring.*  This  would  be  a  permanent 
quality  of  each  atom,  one  that  no  interactions  of  vortices  could 
either  produce  or  destroy.    But  it  is  a  quality  that  might  be  a 

.     [*  Developed  mathematicaUy  by  W.  M.  Hicks,  FhiU  TtttHt.  A,  Februaiy, 
ISM.] 
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veiy  serious  one  for  the  vortex  ring  itself  if  ever  it  got  drawn 
out  beyond  a  certain  length  of  circumference,  for  it  might  then 
make  the  circular  shape  quite  unstable,  and  the  result  would 
probably  be  a  vortex  tangle  instead  of  a  vortex  ring.  Such  a 
vortex  tangle,  if  it  could  be  kept  within  bounds,  might  do  very 
well  for  an  atom  and  may  be  better  than  a  vortex  ring,  but  the 
theory  of  such  a  tangle  is  beyond  me,  and  I  am  afraid  there 
would  be  a  tendency  for  it  to  spread  itself  throughout  space 
instead  of  confining  itself  to  one  place.  May  be  it  is  by  just 
such  a  destruction  of  vortex-ring  atoms  that  the  ether  has  been 
made ;  and  it  may  be  that  from  time  to  time  in  the  immensity 
of  space  these  tangles  undo  and  reform  the  atoms,  thus  rebuild- 
ing the  universe  out  of  its  fragments  and  utilising  the  chance, 
by  which  the  laws  of  thermodynamics  prophesy  the  end,  to 
prevent  this  very  consummation.  Anyway  there  seems  plenty 
of  scope  for  speculations  founded  on  Helmholtz's  discovery  of 
the  law  of  vortex  motion,  though  I  fear  that  imtil  some  genius 
directs  our  attention  aright  it  can  give  little  or  no  help  to  the 
chemist  in  his  investigations. 

One  of  the  most  interesting  matters  of  a  physiochemical 
character  that  Helniholtz  worked  at  was  the  application  of 
thermodynamics  to  chemistry.  The  application  is,  as  yet,  very 
limited.  Comparatively  few  chemical  processes  can  be  brought 
through  a  complete  cycle  of  operations,  and  still  fewer  are  com- 
pletely reversible.  Unless  these  two  conditions  can  be  shown 
clearly  to  be  applicable,  we  can  only  apply  the  principle  of  the 
conservation  of  energy  to  the  process  in  making  quantitative 
calculations,  and  the  second  law  of  thermodynamics  can  give  us 
very  little  quantitative  information.  There  is,  however,  one 
important  class  of  cases  of  chemical  action  which  is  reversible 
and  to  which  we  can  consequently  apply  thermodynamics, 
namely  that  of  a  large  number  of  electrolytic  phenomena. 
Helmholtz  has  done  a  good  deal  in  this  direction,  but  a  great 
deal  still  requires  to  be  done  both  experimentally  and  in  work- 
ing  out  all  that  can  be  deduced  from  the  experiments.  In  his 
method  of  treating  the  subject,  he  introduced  a  certain  quantity 
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which  he  named  the  free  energy.  This  name  is  rather  mis- 
leading. One  would  naturally  conclude  that  it  was  connected 
with  the  proportion  of  internal  energy  that  can  be  transformed 
into  work  by  means  of  an  engine ;  and  it  is  connected  with  this, 
but  in  such  a  roundabout  way,  that  anybody  might  easily  make 
mistakes  about  it.  TMien  the  internal  energy  is  described  as 
being  divisible  into  two  parts,  one  of  which  is  bound  energy 
and  the  other  free,  one  would  naturally  conclude  that  no  matter 
what  one  did,  one  of  them  could  never  be  turned  into  work, 
while  the  other  could,  and  that  there  was  some  diflerence  in  the 
nature  of  the  energy  in  the  body  that  made  this  distinction  of 
quality.  Now  the  internal  energy  in  the  body  is  really  homo- 
geneous, and  we  cannot  separate  it  out  into  parts  having  differ- 
ent qualities  in  this  way.  As  a  matter  of  fact,  changes  of 
temperature  change  free  energy  into  bound  energy  and  vioe 
vcrsd ;  and  free  energy  is  the  energy  turned  into  work  during 
isothermal  changes,  and  is  not  derived  wholly  in  general  from 
the  internal  energy.  In  the  case  of  a  gas,  for  instance,  there  is 
during  isothermal  expansion  practically  no  change  in  the  inter- 
nal energy,  while  free  energy  is  being  expended  on  work. 
Hence  the  view  that  the  internal  energy  can  be  di^'ided  into 
two  parts,  one  bound  and  the  other  free,  is  a  ver}'  forced  view  of 
what  is  really  taking  place.  It  is  worth  mentioning  this 
because  the  name  is  seductive,  and  those  who  are  not  familiar 
with  a  subject  are  very  liable  to  be  misled  by  the  seductive 
appearance  of  simplicity  conferred  by  particular  names.  Of 
course  this  does  not  in  the  least  detract  from  the  value  of  the 
function  itself,  which  has  been  used  under  a  variety  of  names 
by  various  investigators,  and  has  proved  in  Helmholtz's  hands 
a  valuable  means  of  deducing  all  that  can  be  learned  from 
measurements  on  electrolytic  cells  and  from  their  alteration 
with  concentration,  temperature,  etc.  The  complete  determin- 
ation of  the  themio-dynamic  properties  of  even  one  substance 
is  not  known.  We  know  hardly  anything  about  the  changes  of 
the  specific  heats  of  bodies  with  temperature  and  pressure.  A 
few  isolated  attempts  have  been  made  to  determine  them,  but 
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in  general  our  knowledge  of  the  thermodynamic  functions  of 
bodies  is  extremely  meagre  even  as  r^ards  temperature  and 
pressure,  and  almost  nil  as  regards  chemical  changes  of  compo- 
sition. This  is  a  direction  in  which  much  more  remains  to  be 
done  by  the  co-operation  of  the  chemist  and  the  mathematical 
physicist  Many  other  applications  of  thermod}iiamics  to 
chemical  actions  have  been  made  since  Helmholtz's  time. 
By  the  use  of  so-called  semipermeable  diaphragms  the  process 
of  diffusion  of  a  salt  in  solution  can  be  made  reversible  at  least 
ideally.  The  theory  of  how  semipermeable  diaphragms  act 
is  not  of  much  importance  in  these  applications  of  thermo- 
dynamics, unless  indeed  they  are  necessarily  destroyed  by  their 
own  action.  If  this  is  the  case  they  do  not  make  the  processes 
involved  reversible,  and  all  the  thermodynamic  investigations 
that  have  been  founded  on  the  supposition  that  they  are 
themselves  permanent  and  unaltered  are  invalid.  All  that  is 
necessary  for  the  thermodynamical  theory  is  that  a  semiperme- 
able diaphragm  is  possible ;  the  fact  that  actual  diaphragms 
are  by  no  means  absolutely  semipermeable  is  an  objection  no 
doubt  to  the  observations  founded  on  what  they  do  and  is  a 
serious  difficulty  in  comparing  observ^ation  with  calculation,  but 
it  is  no  more  an  objection  to  the  calculation  of  what  would  take 
place  if  a  semipermeable  diaphragm  is  possible  than  the  fact 
that  even  ice  and  air  offer  resistance  is  an  objection  to  the 
prediction  of  what  would  occur  if  a  stone  were  sliding  over 
a  perfectly  smooth  surface,  by  calculation  from  the  known 
principles  of  dynamics. 

Very  little  is  known  about  the  theory  of  semipermeable 
membranes.  It  is  generally  assumed  that  there  are  no  heat 
effects  depending  upon  their  presence,  but  the  corresponding 
mistake  in  neglecting  the  heat  effects  that  occur  when  currents 
of  electricity  enter  and  leave  a  liquid  led  to  serious  errors  in 
the  theory  of  galvanic  cells,  and  until  the  theory  and  practice  of 
semipermeable  membranes  agree  more  closely  than  they  do  at 
present,  it  is  worth  while  looking  for  something  of  this  kind. 
They  are  often  spoken  of  as  if  they  were  merely  some  kind  of 
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molecular  sieve.  They  seem  really  much  more  analogous  to 
Graham's  second  class  of  membrane  which  only  permit  the 
passage  of  gases  which  dissolve  in  the  membrane,  so  that  their 
behaviour  is  quite  different  from  that  of  simple  sieves  like 
earthenware,  etc.,  for  which  the  laws  of  diffusion  are  so  very 
simple.  When  we  come  to  deal  with  really  molecular  magni- 
tudes, it  is  impossible,  however,  to  draw  a  hard  and  fast  line 
between  physical  and  chemical  permeability.  One  molecule 
may  be  able  to  penetrate  amongst  others,  not  so  much  because 
it  is  of  the  right  size  to  get  between  them  as  because  it  has  the 
right  shape  to  do  so.  One  cannot  fit  a  square  bar  properly  into 
a  round  hole.  This  question  of  shape  is  here  mentioned  merely 
as  an  example  of  one  of  various  peculiarities  of  a  molecule 
which  may  enable  it  to  associate  itself  intimately  with  others 
in  a  way  peculiar  to  itself.  Such  a  peculiarity  can  in  our 
ignorance  only  be  called  by  the  general  term  one  of  its  chemical 
peculiarities.  From  the  peculiarities  of  organic  diaphragms 
there  seems  some  reason  to  hope  that  we  may  be  able  to  produce 
a  set  of  judiciously  constructed  diaphragms  each  suited  to  let 
through  molecular  groups  peculiar  to  itself,  and  thus  enlarge  our 
means  of  what  may  be  called  chemical  filtration.  So  far  we 
seem  to  have  attained  veiy  little  farther  than  to  be  able  to 
filter  water  from  salts  in  solution. 

At  the  same  time  many  organic  processes  seem  to  require  an 
actual  carrying  of  material  by  cunents  such  as  we  see  in  the 
living  cells  of  plants.  By  such  currents  materials  can  be  taken 
out  of  dilute  solutions  and  then  transported  to  places  where 
they  can,  under  new  circumstances,  l>e  given  up  to  strong 
solutions.  Actions  of  this  kind,  of  course,  like  the  carrying  of 
heat  from  low  to  high  temperatures,  require  expenditure  of 
energy.  In  living  organisms  we  have  many  sources  for  this 
energy;  and  currents  of  the  kind  can  easily  be  produced  by 
superficial  actions  like  the  motion  of  camphor  on  water,  which 
might  continue  till  all  the  camphor  was  used  up  if  clean  water 
were  constantly  supplied. 

In  applying  thennod}Tiamics  to  chemical  investigations 
there  are  some  serious  pitfalls  into  which  investigators  have 
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faJleiL  In  the  application  of  the  law  of  the  conservation  of 
eneig7  there  is  great  risk  of  assuming  that  the  heat  supplied  is 
equivalent  to  the  work  done,  without  bringing  the  system 
through  a  cycle.  A  very  serious  mistake  of  this  kind  has  been 
recently  published  as  a  proof  that  osmotic  pressure  is  propor- 
tional to  the  absolute  temperature.  This  is  very  possibly  true, 
although  the  experimental  evidence  is  by  no  means  for  it,  but 
rather  the  contrary ;  yet  the  proof  given,  which  assumes  that  the 
heat  supplied  is  all  used  in  doing  osmotic  work,  is  entirely 
inconclusive.  A  complementary  mistake  is  to  n^lect  the 
external  work  entirely  when  it  is  small  in  the  cases  in  the  mind 
of  the  calculator,  and  to  assume  that  the  heat  supplied  is  all 
spent  in  changing  the  internal  energy.  This  may  lead  to  very 
simple  laws,  and  to  ones  that  are  appro.ximately  true  in  a  great 
many  cases,  but  a  proof  founded  on  any  such  neglect  and  which 
does  not  clearly  point  out  the  degree  of  approximation  attained 
is  utterly  unsound.  Yet  a  mistake  of  this  very  kind  occurs 
within  the  first  seven  pages  of  a  very  valuable  treatise  on 
theoretical  chemistry,  so  that  it  can  hardly  be  considered 
unnecessary  to  warn  others  of  such  mistakes.  Another  pitfall 
is  to  neglect  the  necessity  for  operations  being  reversible. 
Theories  as  to  explosions  in  guns  and  gas  engines  have  been 
propounded  and  published  in  which  this  is  neglected.  The 
operations  in  both  these  cases  are  not  reversed  in  the  engines 
considered,  and  so  the  generally  applicable  second  law  of 
thermodynamics  cannot  be  applied  to  them  accurately.  A 
similar  mistake  has  been  made  in  calculating  the  efficiency  of 
engines  when  the  feed  supply,  i.  c.  the  return  process,  is  worked 
by  a  separate  engine.  If  this  method  were  used  in  an  air 
engine,  it  could  easily  be  arranged  to  give  an  efficiency  much 
greater  than  what  is  generally  called  the  theoretically  possible 
efficiency.  In  a  recently  published  work,  it  is  stated,  in 
connexion  with  a  thermodynamic  investigation,  that  one  of  the 
processes  involved  is  the  mixture  of  water  and  salt  solution, 
an  irreversible  operation  unless  by  means  of  a  semipermeable 
diaphragm,  which  is  not  mentioned.  There  are  several  proofs 
in  vogue  depending  on  the  supposed  incapacity  of  a  system  to 
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cool  itself  below  its  surroondings.  These  sometimes  neglect  the 
fact  that  for  this  to  be  impossible  the  operations  must  constitute 
a  cycle.  By  evaporation,  bodies  cool  themselves  below  their 
surroundings,  and  in  some  cases  where  vapour  pressures  of 
different  materials  are  considei*ed  in  two  limbs  of  a  closed 
vessel,  this  possibility  is  overlooked,  and  at  the  same  time  the 
possibility  is  overlooked  of  both  the  limbs  getting  coated  with 
the  same  material  by  distillation  of  a  small  quantity  frotn  one 
to  the  other.  The  failure  of  these  proofs  does  not  of  course 
involve  the  falsehood  of  the  thing  proved,  but  it  shows  how 
careful  those  who  apply  physical  principles  should  be,  to  be 
quite  familiar  with  the  subject  considered.  It  is  as  risky  for  a 
chemist  to  apply  mathematics  as  for  a  mathematician  to  lecture 
to  chemists:  we  should  work  in  co-operation. 

In  the  case  of  calculating  the  connexion  between  osmotic 
pressure  and  the  lowering  of  boiling  point  by  supposing  that 
the  level  of  the  solution  is  raised  above  that  of  the  pure  water 
by  means  of  a  semi-permeable  membrane,  an  extension  of  the 
theorem  may  be  obtained  by  supposing  the  membrane  sunk  to 
different  depths  in  the  water,  when  an  interesting  theorem 
connecting  the  osmotic  pressuix3  with  the  total  pressure  in  a 
liquid  can  be  deduced. 

Notwithstanding  all  these  pitfalls  and  mistakes,  great  ad- 
vances have  been  due  to  the  apphcations  of  thermodynamics 
to  chemistry,  at  which  Helmholtz  worked  so  fruitfully. 

Along  lines  closely  allied  to  those  of  thermodynamics, 
there  are  an  immense  number  of  cliemico-physical  investiga- 
tions waiting  to  be  attacked.  A  good  deal  is  known  about 
the  way  in  which  variation  of  composition  affects  capillarity 
for  instance,  and  from  this  it  is  possible  to  calculate  how 
capillarity  ought  to  affect  chemical  composition,  but  there  is 
veiy  little  indeed  known  as  to  whether  it  behaves  as  it  ought 
There  are  an  enoi-mous  niunber  of  similarly  reciprocally  related 
phenomena  which  are  connected  with  one  another  in  a  manner 
analogous  to  the  way  in  which,  for  instance,  fi^eezing  point  and 
pressure  are  reciprocally  related,  and  which  demand  attention. 
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In  all  such  work,  the  co-operation  of  chemists  and  mathematical 
physicists  is  eminently  desirable.  We  cannot  often  expect  the 
two  to  be  united  in  one  person,  with  the  energy,  and  time  at 
his  disposal  to  do  double  work. 

Helmholtz  laid  the  foundation  for  considerable  advances 
in  our  knowledge  of  electrolysis.  By  a  very  carefully  con- 
ducted series  of  experiments  he  distinguished  between  the 
diffusion  currents  and  electrolytic  currents.  The  former  seem 
to  be  the  only  representatives  of  metallic  conduction  in  an 
electrolyte.  For  the  latter  he  verified  with  very  great  accu- 
racy Faraday's  law  of  electrolysis  and  showed  that  the 
chemical  forces  are  balanced  by  electrical  forces,  and  that  so 
far  there  was  no  reason  for  doubting  that  the  chemical  forces 
are  electrical  This  was  Faraday's  position,  and  is  largely 
justified  by  subsequent  investigation.  At  the  same  time  there 
seems  no  doubt  but  that  chemical  phenomena  are  much  more 
complex  than  simple  electrolysis  as  we  know  it.  There  are 
too  many  irreversible  chemical  actions  for  us  to  be  able  with 
certainty  to  co-ordinate  them  with  simple  reversible  electrolysis 
such  as  Helmholtz  specially  studied.  There  are  too  many 
good  reasons  for  being  sure  that  other  forces  exist  than  merely 
electrical  ones  for  us  to  be  at  all  certain  that  it  is  only  these 
latter  which  are  of  importance  in  chemical  changes.  We  can 
balance  gravitation  by  the  elastic  force  of  a  spring,  or  by  the 
centrifugal  force  of  a  pair  of  governor  balls,  but  that  can  hardly 
-proxc  conclusively  that  all  these  are  of  the  same  kind.  We  can 
balance  electrical  forces  against  chemical  forces,  but  this  does  not 
prove  conclusively  that  they  are  of  the  same  kind.  We  know 
that  gi-aWtational  forces  and  magnetic  forces  must  exist  between 
atoms,  and  though  they  may  produce  only  a  very  small  part  of 
the  effects  observed,  we  hai-dly  know  enough  about  them  to  be 
perfectly  certain  that  their  eft'ects  invd  be  very  smalL  One  of 
Helmholtz*s  own  theories  seems  to  prove  conclusively  that 
there  are  forces  acting  which  are  not  electrical.  Helmholtz 
worked  fruitfully  at  a  .theory  of  electrical  diffusion  through  fine 
tubes,  which  assumes  that  there  is  a  double  electrical  layer  on 
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the  surface  of  contact  of  the  liquid  and  solid,  caused  bj  a 
diflTerential  attraction  of  the  two  materials  for  positive  and 
negative  electricities.  Now  ihi»  attraction  cannot  be  a  force 
varying  inversely  as  the  square  of  the  distance,  for  if  so,  it 
would  merely  neutralize  the  action  of  the  electricity  it 
attracted.  A  layer  of  positive  electricity  attracting  one  of 
negative  electricity  would  just  attract  enough  to  neutralize 
all  force  on  the  layer ;  and  Helmholtz,  in  assuming  that  never- 
theless the  electric  force  along  the  tube  due  to  the  current 
flowing  in  it  does  act  on  the  layer,  practically  assumes  that  the 
attraction  of  the  liquid  for  electricity  is  fi<A,  an  electrical 
attraction  but  is  a  specific  attraction  of  a  different  kind.  If  we 
assume  an  attraction  of  this  kind  can  exist  between  atoms  and 
electricity,  we  can  hardly  be  justified  in  denying  that  atoms  can 
act  on  atoms  in  a  similar  way.  If  the  law  of  action  of  these 
forces  be  a  much  higher  power  than  the  inverse  square,  almost 
all  the  work  done  in  separating  atoms  might  be  done  against 
electrical  forces,  although  at  the  very  small  distances  involved 
in  atomic  electrical  dimensions  these  other  forces  might  be  very 
much  greater  than  the  electrical  forces  at  the  same  distances, 
and  might  control  chemical  combination. 

A  good  deal  of  labour  has  been  expended  on  investigating 
a  theory  of  solids  and  liquids  upon  the  hypothesis  that  atoms 
attract  one  another  with  a  force  varying  inversely  as  the  fourth 
power  of  their  distance  apart.  Very  interesting  results  have 
been  obtained,  many  of  them  independent  of  the  law  of  action. 
This  particular  law  of  action  seems  absolutely  inadmissible, 
however,  because  it  is  one  of  the  most  interesting  conclusions 
from  the  hypothesis  that  at  one  centimetre  apart  two  atoms 
would  have  an  attraction  for  one  another  due  to  this  cause 
approximately  equal  to  their  gravitational  attraction.  Any- 
thing at  all  approaching  this  is  conchisively  negatived  by  the 
substantial  agreement  of  the  various  experiments,  some  on  a 
large  scale  and  some  on  a  small  scale,  by  which  the  coefficient  of 
gravitation  has  been  determined.  If  this  suggested  attraction 
existed  there  would  be  no  sort  of  agreement  between  the  results 
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obtained  on  a  large  and  on  a  small  scala  There  seems  every 
reason  to  think  that  in  the  case  of  atoms  we  are  dealing 
with  phenomena  of  a  much  more  complicated  nature  than 
that  of  laws  of  foi-ce  of  this  kind.  We  know  almost  certainly 
that  in  the  first  place  we  are  dealing  with  forces  which  are  any- 
way like  electrical  and  magnetic  ones,  neither  all  attractive  nor 
all  repulsive,  but  some  one  and  some  the  other.  From  the 
arrangements  of  the  molecules  in  crystals,  and  the  tetrahedron 
analogy  of  carbon,  we  may  be  practically  certain  that  as  far  as 
we  can  deal  with  the  question  as  a  statical  problem  at  all,  we 
must  deal  with  atoms  as  much  more  complicated  structures  than 
merely  centres  from  which  forces  radiate  uniformly  in  every 
direction.  There  seems  every  reason  to  think  that  atoms  have 
special  centres  of  attraction,  and  there  is  even  good  groimd  for 
thinking  that  the  force  emanating  from  each  of  these  centres  is 
directed,  t.  e.  is  very  much  greater  in  some  directions  than  in 
others.  No  theory  of  solids  certainly  can  be  satisfactory  which 
overlooks  this,  and  any  theory  of  liquids  which  overlooks 
electrolysis  must  be  rather  lame. 

It  must  always  be  recollected  that  no  statical  theory  of  a 
solid  or  liquid  medium  is  possible  with  electrical  forces  alone 
acting.  Such  a  medium  would  be  essentially  unstable.  Hence, 
so  far  as  we  can  deal  with  solids  and  liquids  as  statical  systems, 
we  may  be  quite  certain  that  other  than  electrical  forces  )nnst 
be  postulated.  From  our  knowledge  of  solids,  crystals  especially, 
and  from  the  success  that  has  attended  the  tetrahedron  theory 
of  the  carbon  atom,  it  seems  almost  certain  that  provisionally, 
at  least,  we  may  safely  assume  that  a  very  large  number  of  the 
properties  of  molecules  can  be  deduced  from  purely  statical 
theories  of  their  structure.  Hence  we  may  be  quite  sure  that 
so  far  at  least  as  we  are  working  on  these  proWsional  lines,  we 
must  assume  other  forces  than  electrical  ones,  or  any  others 
varying  inversely  as  the  square  of  the  distance.  Take,  for 
instance,  the  suggestion  that  when  an  electrolyte  is  subject  to 
electrostatic  induction  the  superficial  induced  charges  are  due  to 
a  layer  of  electrified  ions  upon  its  surfaces.     If  there  were  no 
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forces  other  than  electrical  ones,  these  ions  would  fly  off  the 
surface  like  dust  The  pressure  of  the  surrounding  gas  would 
certainly  not  prevent  this,  for  a  gas  never  prevents  the  diffusion 
of  atoms.  Hence  we  must  suppose  that  there  are  other  than 
electrical  forces  keeping  these  ions  attached  tb  the  liquid. 
Helmholtz,  himself,  states  as  a  conclusion  of  his  investigation 
of  the  action  of  reversible  electrochemical  actions :  ''  A  remark- 
able feature  in  these  processes  appears  to  me  to  consist  in  the 
fact  that  the  attraction  of  the  water  to  the  salt  to  be  dissolved 
can  constitute  so  great  a  part  of  the  chemical  force  acting 
between  the  oppositely  propelled  elements."  There  seems  to 
be  considerable  danger  that  these  forces  may  be  neglected.  So 
much  advance  has  been  made  by  assuming  that  bodies  in  solu- 
tion behave  in  some  important  respects  like  the  same  bodies 
in  the  gaseous  state,  that  there  has  been  a  serious  danger  of 
assuming  that  the  physical  conditions  are  at  all  like.  The 
dynamical  condition  of  molecules  in  solution  is  essentially  and 
utterly  different  from  that  of  a  molecule  in  a  gas.  The  essen- 
tial condition  for  applying  any  known  dynamical  theory  of 
gases  to  calculate  their  beha\iour  is  that  the  time  during 
which  two  molecules  are  within  the  sphere  of  one  anothers' 
action  is  small  compared  with  the  time  during  which  they  are 
apart,  and  that  consequently  the  chances  of  three  or  more 
molecules  being  in  simultaneous  collision  is  very  smalL  It 
further  follows  that  the  cliaracter  of  one  kind  of  collision  has 
no  influence  upon  the  character  of  the  iimnediately  succeeding 
collision,  a  condition  which  is  not,  however,  fulfilled  in  the 
succeeding  chatters  of  the  chattering  collision  of  elastic  solids. 
Now  this  essential  condition  for  the  application  of  the  dynamics 
of  a  gas  to  molecules  in  solution  is  very  far  indeed  from  being 
fulfilled.  A  molecule  is  never  outside  the  sphere  of  action  of 
its  neighbours.  All  we  know  of  the  magnitudes  of  the  inter- 
spaces between  molecules  in  a  liqiud  shows  that  each  molecule  is 
within  the  sphere  of  action  of  hundreds,  probably  of  thousands, 
may  be  of  millions,  of  its  neighboui-s.  It  is  probably  jostling 
about  with  a  path  for  its  centre  between  its  jostles  about  one 
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hundredth  part  as  great  as  its  own  diameter.  If  its  centre 
moves  at  a  rate  comparable  with  that  of  a  gaseous  molecule, 
which  seems  probable  from  the  fact  that  liquid  molecules  can 
escape  through  the  surface  into  the  surrounding  gas,  the  mole- 
cule would  bang  about  in  its  confined  space  making  nearly  10^^ 
bangs  per  second,  and  these  vibrations  would  be  quite  compar- 
able with  those  of  heat  radiations,  and  the  concomitant  vibra- 
tion of  the  atom  maj  be  a  large  part  of  the  source  of  ordinary 
heat  radiation  of  solids  and  liquids.  In  the  case  of  a  gas  the 
external  virial  is  large  and  the  internal  is  small  and  negligible ; 
in  the  case  of  a  liquid  it  is  exactly  the  reverse,  the  external 
virial  is  small  and  negligible,  and  the  internal  large  and  impor- 
tant. The  dynamical  theory  of  a  mediimi  composed  of  mole- 
cules which  can  only  jostle  about  through  distances  about  a 
hundredth  part  of  their  diameter,  is  evidently  essentially  dif- 
ferent from  that  of  one  in  which  the  molecules  describe  free 
paths  thousands  of  times  the  molecular  diameter. 

The  theory  of  semipermeable  diaphragms  is  in  a  very  doubt- 
ful state.  They  are  often  spoken  of  as  if  they  were  sieves,  and 
as  if  the  forces  between  them  and  the  substance  in  solution 
were  unimportant.  A  consideration  of  the  relative  behaviour 
of  the  only  really  effective  semipermeable  diaphragm  known 
with  that  of  the  solid  diaphragms  shows  that  there  are  some 
important  differences.  The  surface  of  a  liquid  with  a  non- 
volatile salt  in  solution  is  a  perfect  seiuipermeable  diaphragm. 
Water  molecules  can  and  do  get  through  quite  freely,  but 
molecules  of  the  solvee  cannot.  Now  the  presence  of  these 
non-volatile  molecules  in  the  surface  certainly  prevents  the 
egress,  but  either  does  not  prevent  the  ingress,  or  possibly 
facilitates  the  ingress  of  the  volatile  molecules.  We  know  this, 
because  the  presence  of  the  solvee  reiluces  the  vapour  pressure. 
On  the  other  hand,  the  whole  theory  of  osmotic  pressure  assumes 
that  the  presence  of  the  body  in  solution  produces  no  effect,  or 
the  same  effect  on  the  ingress  and  egiess  of  the  molecules  of  the 
solvent.  It  is,  no  doubt,  a  most  remarkable  thing  that  osmotic 
pressure  shoiUd  be  even  roughly  the  same  as  what  would  be 
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produced  by  the  molecules  of  the  body  in  solution  if  in  the 
gaseous  state ;  but  to  imply  that  the  dynamical  theory  of  the 
two  is  at  all  the  same,  or  that  the  dynamical  theory  of  a  gas 
is  in  any  sense  an  cxplmuition  of  the  law  of  osmotic  pressures,  is 
not  at  all  in  accordance  with  what  is  generally  meant  by  the 
word  "explanation."  These  osmotic  pressures  are  much  more 
closely  connected  with  Laplace's  internal  pressure  in  a  liquid 
which  is  essentially  dependent  on  the  forces  between  the  mole- 
cules, than  with  the  pressure  of  a  gas  which  is  essentially 
almost  independent  of  the  forces  between  the  molecules.  The 
existing  dynamical  theory  of  a  liquid  shows  that  the  molecules 
are  kept  apart  by  the  mutual  jostling  of  the  molecules,  and  that 
the  dynamical  pressure  of  this  jostling  must  be  equivalent  to 
the  Laplacian  pressure  pulling  them  together.  When  we  make 
a  rough  calculation  we  find  that  molecules  going  with  velocities 
approaching  those  of  gaseous  molecules,  and  jostling  about  in 
the  narrow  interstices  between  molecules  that  have  been  already 
mentioned,  would  produce  pressures  comparable  with  those  that 
have  been  calculated  for  the  Laplacian  pressure.  Hence  we 
conclude  that  although  the  dynamical  conditions  in  the  liquid 
are  so  very  different  from  those  in  a  gas,  nevertheless,  the  two 
methods  of  calculating  these  internal  pressures  from  the  mutual 
jostlings  that  keep  the  molecides  apart  and  from  the  attractive 
forces  that  keep  them  together,  lead  to  very  much  the  same 
result,  and  that  the  velocity  of  motion  of  the  centres  of  the 
jostling  molecules  may  be  of  somewhat  the  same  magnitude  as 
that  of  the  same  material  if  it  were  in  the  state  of  a  gas.  It 
must  be  seen  from  this  how  the  coincidence  of  these  two  ways 
of  considering  the  same  question  is  no  matter  of  accident,  but 
depends  on  the  theory  that  it  is  the  mutual  kinetic  jostling 
of  the  molecules  against  one  another  that  keeps  them  apart 
Hence  we  need  not  be  surprised  if  the  theory  of  osmotic 
pressure  has  a  dynamical  aspect  from  the  point  of  view  of 
attractions  between  the  membrane  and  the  water,  the  water, 
and  the  body  in  solution,  and  the  body  in  solution,  and  the 
membrane.    There  must  be  some  dynamical  reason  why  the 
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solvent  gets  through  the  membrane  while  the  body  in  solution 
does  not.  It  must  be  due  to  what  may  be  described  as  capillary 
forces  between  the  solid  and  the  molecules  of  the  solvent 
There  is  no  sufficient  reason  for  supposing  that  the  membrane 
acts  merely  as  a  sieve.  Calculations  have  been  made,  founded 
on  the  assumption  that  the  membrane  acts  like  a  number  of 
fine  tubes  of  molecular  dimensions,  and  that  the  capillarity  of 
the  solution  differed  from  that  of  the  solvent  in  contact  with 
the  walls  of  these  tubes.  Upon  the  supposition  that  the  tubes 
are  of  molecular  sizes,  the  observ'cd  osmotic  pressures  can  thus 
be  explained  by  possible  capillar}'  differences.  That  there  is  a 
direct  relation  between  the  osmotic  pressure  and  capillarity  can 
be  shown  by  causing  capillarity  to  raise  a  solvent  so  high  in  a 
fine  tube  that  the  vapour  pressure  at  its  concave  upper  surface 
is  the  same  as  that  of  the  salt  solution,  when  it  is  readily 
seen  that  this  height  is  that  producing  osmotic  pressure.  By 
means  of  a  fine  mesh,  that  the  solution  does  not  wet,  the 
converse  experiment  is  possible,  namely,  to  have  the  surface  of 
the  solution  so  convex  that  the  vapour  pressure  near  it  is  the 
same  as  near  a  flat  surface  of  the  solvent.  These  diaphragms, 
made  of  an  ordinarj'  porous  material,  with  the  only  known 
perfect  semipermeable  surface,  namely,  the  surface  of  the  liquid 
itself,  kept  by  capillarity  in  its  pores,  prove  the  theoretical 
possibility  of  semipermeable  diaphragms  in  all  cases  where  the 
body  in  solution  is  non-volatile,  and  enable  us  to  discuss  the 
theory  of  their  working  more  satisfactorily  than  when  dealing 
with  semipermeable  diaphragms  whose  modus  operandi  is 
uncertain,  or,  at  least,  matter  of  dispute.  These  perfect  semi- 
permeable diaphragms  enable  us  to  apply  thermodynamics  with 
confidence  to  calculate  osmotic  pressure.  They  enable  us  to 
calculate  what  is  taking  place  at  each  point,  and  to  be  sure  that 
osmotic  pressures  thus  calculated  are  not  dependent  on  some 
unknown  function  of  the  diaphragm  itself.  We  may,  then,  be 
pretty  sure  that,  at  least  approximately,  osmotic  pressure  is 
nearly  equal  to  the  vapour  pressure  of  the  solvee,  because  that 
is  approximately  the  result  deduced  from  observations  on  the 
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vapour  pressure  of  solutions.  At  the  same  time  our  attention 
is  attracted  by  the  dependence  of  the  whole  phenomenon  on 
capillary  phenomena.  We  naturally  ask  such  questions  as 
whether  the  vapour  pressure  near  a  newly-made  surface  is  the 
same  as  near  an  old  surface.  It  is  known  that  the  capillarity 
of  a  newly  formed  surface  differs  in  some  cases  from  that  of  an 
old  one.  It  is  known  that  there  are  cases  in  which  the  solvee 
is  concentrated  into  the  superficial  layer,  and  there  are  means 
for  approximately  calculating  how  far  this  is  the  case.  One 
would  naturally  expect  that  the  vapour  pressure  near  this 
concentrated  surface  layer  might  be  quite  different  from  that 
near  a  newly  formed  surface  layer  which  had  not  had  time  to 
concentrate  the  solvee  into  it  Which  of  these  vapour 
pressures  is  the  one  from  which  we  ought  to  calculate  osmotic 
pressure  P 

That  osmotic  pressure  is  proportional  to  the  nimiber  of 
active  molecules  is  not  particularly  remarkable.  When  small 
changes  are  made,  the  effect  is  generally  proportional  to  the 
amount  of  change.  It  is,  however,  very  remarkable  that  the 
amoimt  of  osmotic  pressure  can  be  even  approximately  calculated 
from  the  gaseous  pressure  that  would  be  produced  by  tliese 
same  molecules  if  they  alone  occupied  the  ichok  sjhicc  filled 
by  the  solution.  The  molecules  have  not  got  all  this  space 
to  move  about  in.  They  can  only  move  about  in  the  interstices 
between  the  other  molecules,  which  we  have  every  reason  to 
think  constitute  only  a  very  small  part  of  the  whole  volume. 
From  the  rate  of  diffusion  of  a  salt  in  solution,  we  know  that  its 
molecules  do  not  go  about  as  if  they  passed  freely  through  the 
water  molecules.  It  is  e^'idcnt  that  the  simplest  theory  of  what 
would  bo  the  effect  of  substituting  for  a  certain  number  of  water 
molecules  a  certain  number  of  other  molecules  must  include  a 
consideration  of  their  relative  attractions  and  sizes,  and  the 
resultant  change  in  the  space  available  for  jostling,  to  say 
nothing  of  such  additional  complications  as  direct  chemical 
combination  between  the  two.  This  latter  seems  to  be  the 
complicating  cause  in  electrolytic  solutions  in  which  each  of  the 
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molecular  components  of  the  salt  molecule  produces  its  separate 
effect.  If  that  effect  be  due  to  pressures  exerted  by  each 
component  banging  about  independently  of  the  other,  a  very 
moderate  amoimt  of  independence  of  the  two  components  on  one 
another  would  enable  them  to  bang  about  independently  in  the 
extremely  narrow  interstices  within  which  they  are  confined. 
That  they  can  thus  independently  produce  pressure  only  lends 
a  very  moderate  amount  of  confirmation  to  the  theory  that  these 
ions  are  quite  independent  as  pairs.  Possibly  the  mere  sub- 
stitution of  an  inverse  square  law  of  action  between  the  ions  for 
some  other  law  of  action  between  particular  points  on  each, 
would  be  quite  sufficient  to  account  for  the  independence 
observed.  This  suggestion  is  founded  on  the  supposition  that 
the  action  of  an  ionising  solvent  is  to  substitute  electrical 
attractions  for  the  more  complex  chemical  attractions  which  act 
between  molecules.  The  difficulty  of  gaseous  thermodynamic 
theory  is  to  explain  how  two  atoms  can  be  sufficiently  firmly 
fixed  together  not  to  have  independent  motion,  rather  than  to 
accoimt  for  this  independence.  According  to  this  suggestion, 
the  special  forces  on  ions  would  be  electrical  ones,  and  from  the 
known  instability  of  bodies  subject  to  forces  varying  inversely 
as  the  square  of  the  distance,  we  might  naturally  expect  a 
continual  interchange  of  partners  to  be  taking  place.  This,  of 
course,  does  not  assimie  that  there  are  no  other  forces  in  the 
liquid  than  electrical  ones.  I  have  already  called  attention  to 
this  necessary  consequence  of  any  theory  that  deals  with 
molecules  as  even  approximately  statical  systems.  What  it 
does  assiune  is  that  in  dUute  solutions  these  other  forces  are  so 
symmetrically  distributed  that  they  do  not  produce  stable 
equilibrium  within  the  liquid.  The  principal  difficulty  in 
explaining  how  sufficient  interchange  of  partner  can  take  place 
is  in  explaining  the  apparently  very  great  independence  required 
by  such  results  as  that  the  velocities  of  the  ions  are  functions  of 
themselves  alone  and  independent  of  those  to  which  they  are 
attached.  This  difficulty  would  be  largely  got  over  by  assuming 
that  in  solution  the  ions  are  quite  as  much  attached   to   the 
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elements  of  the  solvent  as  to  one  another,  because  then  the 
interchanges  that  take  place  will  be  almost  always  interchanges 
amongst  molecules  of  the  solvent,  and  only  very  seldom  amongst 
the  very  rare  molecules  of  the  solvee.  It  is  almost  impossible  to 
explain  dynamically  the  supposition  that /rec  ions  with  their  elec- 
trical charges  are  meandering  about  in  the  liquid  in  a  condition 
that  can  be  at  all  rightly  called  dissociated.  The  term  ''  disso- 
ciated" should  be  confined  to  a  condition  in  which  the  compon- 
ents of  a  molecule  are  not  connected  by  any  chemical  bonds  at  alL 
In  that  case  they  can  diffuse  freely  and  independently  through 
porous  diaphragms.  Hence  the  possibility  of  this  independent 
diffusion  is  the  simple  and  necessary  test  of  the  independence 
of  the  components  which  can  rightly  be  called  dissociation.  In 
an  electrolyte  there  is  not  this  independence.  The  component 
ions  cannot  diffuse  independently  through  porous  diaphragms. 
There  is  the  acknowledged  electrical  force  between  the  vsuious 
oppositely  charged  ions  instead  of  their  being  free  from  one 
another.  In  even  verj-  dilute  solutions  this  force  is  very 
considerable.  If  we  assume  that  a  negatively  charged  ion  is 
exactly  half  way  between  two  positively  charged  ones,  of  course 
the  forces  on  it  are  balanced,  but  if  we  suppose  it  as  little  as 
1  per  cent,  nearer  one  than  the  other,  it  becomes  subject  to  a 
force  of  400,000  volts  per  cm.,  drawing  it  to  the  nearer  electron. 
This  at  once  illustrates  the  instability  of  such  a  condition  as 
that  described  by  saying  merely  that  these  charged  ions  are 
moving  about  indei)endently  in  the  liquid.  Without  some 
other  important  actions  existing  at  the  same  time  such  a 
condition  is  d}^ainically  impossible ;  and  although  to  consider 
the  matter  from  this  point  of  view  may  help  us  very  much, 
because  it  gives  us  a  rough  and  ready  analogy  to  work  on,  yet 
there  is  great  danger  that  it  may  stop  important  advances  by 
an  illusive  appearance  of  explanation.  In  just  this  way  the 
emissive  and  elastic  solid  theories  of  light  and  the  caloric 
theory  of  heat  gave  apparent  explanations  of  optical  and  heat 
phenomena  which  helped  for  a  long  time  in  advancing  these 
sciences.    But  these  same  theories,  by  being  upheld,  after  tliey 
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had  been  conclusively  shown  to  he  iTuidequoLte^  were  great  stumb- 
ling blocks  in  the  way  of  further  advances. 

A  good  deal  of  importance  has  been  attached,  and  rightly 
attached,  to  the  fact,  that  the  heat  produced  by  the  neutraliz- 
ation of  dilute  alkalies  by  dilute  acids  is  the  same  as  that  due 
to  the  combination  of  H  and  OH.  This  is  certainly  a  most 
remarkable  fact,  but  to  concentrate  attention  on  it,  as  if  the 
statement  that  ions  in  solution  are  dissociated  took  away  all 
the  difficulty  surroimding  the  matter,  obscures  a  very  important 
question,  namely,  why  is  there  then  so  little  heat  absorbed 
when  the  ions  are  dissociated  by  going  into  solution  ?  It  has 
been  proposed  to  explain  this  by  various  suggestions  which 
do  little  more  than  re-state  the  facts  in  some  other  form,  and 
call  for  new  properties  of  ions  specially  invented  to  suit  the 
circumstances,  which  remind  one  very  much  of  the  ingeniously 
invented  properties  of  light  corpuscles  that  were,  one  by  one, 
superadded  in  order  to  explain  optical  phenomena. 

One  way,  that  depends  on  a  known  cause,  by  which  solvents 
may  produce  ionization,  is  by  diminishing  electrical  actions  by 
their  high  specific  inductive  capacity.  There  seems  a  good  deal 
of  reason  for  this  supposition.  High  specific  inductive  capacity 
in  a  material  can  hardly  mean  anything  else  than  that  its 
molecules  can  have  electrical  charges  easily  produced  on  them 
at  a  considerable  distance  apart.  rLconsiderable  distance  apart, 
of  couise,  means  considerable  compared  with  the  distance 
apart  of  charges  on  molecules  generally,  which  seems  to  be 
often  a  very  small  part  (about  one  hundredth)  of  the  molecular 
diameter.  This  follows  from  considering  that  the  work  done 
in  the  combination  of  H  and  CI  may  be  mostly  due  to  the 
attraction  of  electrons.  It  is  comparatively  easy  to  calculate 
how  far  apart  at  most  these  electrons  can  be  in  order  that  the 
known  amount  of  work  done  in  combination  may  be  produced 
by  their  approach.  When  we  do  so,  we  find  that  the  electrons 
must  be  jammed  up  quite  close  together.  This  is  quite  accord- 
ant with  what  we  know  of  their  independence  from  spectral 
observations  on  molecules ;  but  it  at  the  same  time  shows  how 
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veiy  much  work  must  be  done  in  order  to  separate  them  to 
even  the  thickness  of  a  molecule  apart.  In  separating  them  to 
a  hundred  times  their  former  distance,  one  does  99  per  cent, 
of  the  work  that  would  be  done  in  separating  them  altogether. 
Why  is  there  not  an  enormous  absorption  of  heat  due  to 
solution  ?  The  suggestion  mentioned  is  that  the  presence  of  a 
body  of  high  specific  inductive  capacity,  like  water,  very  much 
diminishes  the  force  of  attraction  between  the  electrons,  by 
providing  what  come  to  the  same  thing  as  induced  electrons  in 
the  water  molecules  to  help  in  drawing  those  in  the  salt  apart 
This  is  an  excellent  suggestion ;  but  is  it  not  really  the  very 
same  thing,  under  another  guise,  as  stating  that  it  is  by  chemical 
combination  with  the  water  that  the  salt  has  conferred  upon  it 
the  property  of  exchanging  partners  ?  What  are  these  electric 
charges  supposed  to  be  induced  on  the  water  molecules,  but 
electrons  thereon?  and  what  is  the  attraction  of  electrons 
among  molecules  but  another  name  for  one  form  of  chemical 
combination  ?  All  this  hangs  together,  but  it  lends  no  suppoit 
at  all  to  the  dynamically  impossible  theory  that  the  ions  are 
free.  What  it  suggests  is  that  tliis  so-called  freedom  is  due  to 
their  being  in  complete  bondage  with  the  solvent.  That  atoms 
or  molecular  groups  within  a  molecule  often  can  and  do 
exchange  places  is  quite  in  accordance  with  chemical  pheno- 
mena. That  they  should  do  so  of  their  own  accord  irAen 
the  molecules  are  arran/jcd  in  a  jm'rticular  ivay  is  also  quite 
in  accord  with  such  phenomena  as  crystallization,  whei'e  the 
molecules,  of  their  own  accord,  arrange  themselves  into  the 
crystalline  form,  i/'they  are  first  polarized  by  near  approach 
to  the  surfaces  of  a  cr}'stal,  but  not  otherwise  as  is  evident 
from  the  well-known  phenomena  of  supersaturation.  These 
crystalline  forces  are  able  not  only  to  arrange  the  molecules 
in  the  solution,  but  to  move  massive  crj'stals,  and  it  is  an 
important  matter  for  investigation  whether  they  are  simply 
electrical  or  of  the  more  complex  type  of  chemical  action.  This 
is  perhaps  the  simplest  example  of  so-called  catalytic  actions 
where  change  is  induced  by  the  presence  of  a  material  which 

2B2 
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itself  is  unchanged,  and  shows  the  extensive  applicability  of  the 
general  principle  that  chemical  changes  depend  upon  particular 
arrangements  existing,  and  go  on  of  their  own  accord  so  long 
as  the  arranging  power  exists.  It  is  conceded  that  electrolysis 
and  its  consequences  can  be  explained  by  this  hypothesis ;  and 
the  only  outstanding  phenomenon  that  does  not  obviously  come 
under  this  explanation  is  that  of  why  osmotic  pressure  is  the 
same  for  approximately  the  same  number  of  molecules,  and 
which  is  supposed  to  be  *'  explained  "  by  saying  that  the 
molecules  in  the  solution  are  free.  This  so-called  explanation 
is,  however,  as  I  have  already  pointed  out,  not  a  dynamical 
explanation  at  all ;  it  is  only  a  very  far-fetched  dynamical 
analogy.  Thus  this  supposed  advantage  of  the  free  ion  theory 
is  not  only  illusory  but  misleading.* 

[*  A  mode  of  statement  can  be  formulated  which  connects  all  these  phenomena^ 
and  is  in  accord  with  the  yiews  expressed  by  Helmholtz  in  his  Faraday  Lecture,  as 
well  as  the  conditions  inTolyed  in  Hess'  law  of  thermoneutrality  which  ore  enforced 
above.  It  can  reasonably  be  held  that  it  is  the  transformation  of  an  atom  or  radicle 
from  electropositive  to  electronegative  or  conversely,  by  interchange  of  an  electron 
with  another  atom  of  different  kind,  that  involves  the  main  thermal  change,  a  mere 
double  decomposition  or  ionisation  in  which  this  does  not  occur,  being  a  slighter 
phenomenon.    Typical  examples  are,  on  the  one  hand, 

(Na  +  .  Na  -)  +  2  (H  +  .  CI  -)  =  2(Na  +  .  a  -)  +  (H  +  .  H  -), 

in  which  one  Na  —  is  changed  into  Na  -f  and  in  compensation  one  H  +  into  H  -, 
the  thermal  accompaniment  of  the  reaction  being,  in  the  main,  the  balance  remain* 
ing  over  after  these  opposite  processes ;  and,  on  the  other  hand,  a  double  decom- 
position such  as 

2  (Na  +  .  CI  -)  +  (Ha  +  .  SO4  -)  =  (Nas  + .  SO4  -)  +  2  (H  + .  CI  -), 

or  an  ionization  reaction  such  as 

(H  +  .  CI  -)  -  (H  +)  +  (CI  -), 

arising  when,  for  example,  hydrochloric  acid  gas  is  absorbed  in  water,  neither  of 
which  inTolves  considerable  thermal  change  inasmuch  as  there  is  here  no  inter- 
change of  electrons  between  one  kind  of  atom  and  another.  It  is  this  interchange  at 
the  electrodes  that  is  controlled  by  the  electric  field  in  voltaic  cells,  to  drive  a  definite 
current ;  and  ,to  that  extent  the  energy  involved  in  this  type  of  reaction  is  thus 
rendered  mechanically  available.  The  smaller  energy  set  free  in  reactions  in  which 
no  electric  interchange  occurs  between  the  atoms  may  also  be  of  electric  nature ; 
but  it  cannot  be  arranged  into  mechanically  available  form  without  a  working  tem- 
peratuie-fall  as  in  a  Camot  engine,  except  in  the  case  where  the  solutions  are  ionized 
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Helmholtz  has  called  special  attention  to  the  superficial 
electrical  layers  produced  at  the  contact  interface  of  different 
materials.  He  worked  at  it  in  connexion  with  electrical 
endosmose.  The  whole  subject  is  i-eplete  with  intei*est  We 
want  to  know  more  about  this  attraction  of  matter  for 
electricity.  To  suppose  that  this  is  electrical  itself  is  illusory. 
It  would  require  another  force  to  keep  on  this  permanent 
electrical  charge;  and,  besides,  in  our  present  condition  of 
semi-statical  explanation  of  nature,  we  must  postulate  forces 
that  vary  according  to  other  laws  than  the  inverse  square  of  the 
distance  in  order  to  produce  stability.  That  there  are  these 
superficial  actions,  which  are  partly  electrical,  is  beyond  doubt 
That  these  electrical  layers  must  produce  effects  on  capillarity  is 
unquestionable.  That  tlie  forces  between  bodies  in  contact  are 
affected  by  them  must  be  the  case.  That  energy  is  involved  in 
producing  and  destroying  these  electrical  layers  must  be.  But 
how  much?  is  the  great  question  in  all  these  cases.  Is  the 
electrical  force  the  most  important  one  acting  ?  Is  it  the  one 
that  pulls  hardest  ?  Is  it  the  one  upon  which  most  work 
is  done  ?  Is  it  the  one  that  controls,  for  instance,  the  ^heat 
produced  when  insoluble  powders  are  mixed  with  water  ?  Ai^ 
the  already  mentioned  superficial  crystalline  forces  that  polarize 
a  solution  and  cause  molecules  to  arrange  themselves  upon  its 
surface, — are  these  mainly  electrical  ?  Conversely,  ai*e  the 
foi*ces  that  cause  solution  mainly  electrical?  The  cause  of 
solubility  is  very  imperfectly  imderstood.  May  we  not  hope 
that  by  following  up  Helmholtz's  investigations  of  these  super- 
ficial layers  we  may  discover  the  causes  of  solution.  The 
way  seems  also  open  for  investigating  the  causes  of  other 
catalytic  actions,  and  thus,  possibly,  of  chemical  action  in 
general,  which  may  depend  essentially  on  suitable  arrangements 
of  molecules.    The  capture  of  a  comet  by  the  solar  system 

and  the  osmotic  interdiffusion  of  ions  between  different  eolutiont,  or  between 
identictl  onei  of  different  concentrations,  can  be  made  of  avail.  These  latter 
processes,  however,  take  advantage  of  the  energy  of  aimple  mixture  or  dilution, 
without  other  change  of  the  ionized  solutions.] 
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depends  on  a  suitable  arrangement  of  the  planets.  By  suitably 
arranged  approaches  a  set  of  stars  may  either  stop  the  relative 
motion  of  one  of  their  number  so  as  to  cause  a  resulting  binary 
system,  or  may  confer  upon  one  of  their  number  a  velocity 
such  as  that  of  1831  Groombridge,  which,  unless  it  meets 
with  suitable  circumstances,  will  peg  away  to  infinity,  as  it 
cannot  be  stopped  by  the  general  attraction  of  those  it  is  leaving. 
Two  stars  coming  from  a  distance  will  in  general  recede  to  the 
same  distance,  but  two  systems  of  stars  need  not  all  do  so. 
After  collision  there  may  be  re-arrangements  of  components. 
Similarly,  the  approach  of  two  simple  8}'stems  would,  in  general, 
lead  to  these  receding  again  into  the  condition  from  which 
they  came ;  while  the  presence  of  a  third  system  to  absorb  or 
re-arrange  the  energy  and  moment  of  momentum  of  the 
approaching  systems  might  enable  the  last  state  of  the  systems 
to  differ  essentially  from  that  from  which  they  came. 

The  whole  question  of  the  nature  and  existence  of  these 
forces  and  their  connexion  with  electrical  forces,  is  of  the  very 
greatest  interest.  We  may  hope  that  ultimately  all  forces  may 
be  explicable  by  a  kinetic  theory  of  nature ;  but,  so  long  as  no 
satisfactory  theory  of  the  ether  exists  that  explains  the  very 
simple  electromagnetic  laws,  we  can  hardly  expect  anything 
jnore  than  rough  analogies  in  explanation,  or  rather  illustration, 
of  other  causes  for  these  more  complex  chemic  actions.  The 
actions  of  a  medium  like  a  perfect  liquid,  in  intense  vortical 
motion,  are  capable  of  illustrating  these  actions.  In  the  first 
place,  there  are  possible  actions  such  as  those  of  one  vortex  on 
another,  which  are  not  propagated  from  place  to  place  but  are 
due  to  every  vortex,  in  a  sense,  occupying  all  space,  and  each 
acting  on  the  other  simultaneously  everywhere.  Each  changes 
the  other  by  a  simultaneous  action  everywhere ;  there  is  in  such 
actions  no  question  of  propagation.  Such  actions  in  a  liquid 
seem  to  best  illustrate  gravitation.  It  is  not  pretended,  of 
course,  that  any  theory  of  the  nature  of  this  turbulent  motion, 
or  of  matter,  has  yet  been  invented  which  would  lead  to  the 
known  laws  of  gra\Titation.     All  that  is  suggested  is  that  in 
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some  action  of  this  kind  we  may  look  for  an  explanation  of 
gravitation,  and  that  in  the  meanwhile  these  actions  in  a  liquid 
are  a  rough  illustration  of  how  actions  may  exist  for  which  we 
have  no  evidence  of  any  propagation.  A  second  class  of  action 
of  a  turbulent  liquid  is  that  due  to  different  kinds  of  polarization 
of  its  motion ;  such,  for  instance,  as  that  vortex  filaments  are 
concentrated  in  various  places,  or  move  through  the  liquid  in 
various  directions.  There  is  every  reason  for  believing  that  such 
actions  would  be  propagated  from  place  to  place  with  a  velocity 
depending  on  the  energ)'  per  unit  volume  of  the  turbulency  of 
the  liquid.  Such  actions,  due  to  polarization  of  the  motion 
in  bulk,  can  be  made  to  illustrate  electromagnetic  actions  in 
a  wonderfully  satisfactorj-  way.  Besides  these  two,  there  are 
the  possible  movements  of  such  things  as  vortex  rings,  vortex 
spheres,  and,  in  general,  closed  vortices,  through  the  medium. 
These  illustrate  for  us  matter  with  its  molecular  structure. 
But  besides  these  two,  there  are  effects  that  may  be  due  to  tlie 
crinkling  and- waving  of  individual  vortex  filaments,  to  their 
being  distorted  from  their  circular  shape  of  section.  It  is 
such  action  as  this  that  may  be  expected  to  illustrate  the  chemic 
forces,  and  to  which  one  would  naturally  look  for  an  explanation 
of  these  actions  more  complicated  than  simple  electromagnetic 
action.  The  question  naturally  arises,  "  Can  these  actions  be 
propagated  ? "  To  judge  from  the  analogy,  there  seems  every 
reason  to  expect  that  they  could.  ^Mien  we  look  round  for  any 
evidence  of  propagation  of  actions  other  than  the  already  known 
sound  and  light  vibrations,  we  find  mysterious  velocities  of 
propagation  of  earthquake  waves  and  some  chemical  actions  on 
sensitive  silver  salts  that  have  not  yet  l>een  explained  by  known 
material  or  electixnmagnetic  laws.  These  may,  of  course,  be 
explicable  by  a  combination  of  known  material  and  electro- 
magnetic action.  Ether  waves,  of  lengths  comparable  with  a 
millimetre,  may  act  on  molecular  groups  that  are  much  smaller 
than  the  length  of  the  wave,  in  a  somewhat  similar  way  to  that 
in  which  light  waves  act  on  the  atoms  whose  diameter  is  very 
much  less  than  the  lengths  of  the  waves.    Vibrations  of  sound- 
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frequencies  seem  capable  of  helping  molecules  of  iron  to  set 
under  magnetic  force.  Long  ether  waves  alter  the  structure 
of  a  metallic  powder ;  may  we  not  expect  some  in  the  enormous 
range  between  sound  and  light  to  disturb  chemical  equilibrium. 
Besides  the  direct  propagation  of  light  through  matter,  there 
may  be  electromagnetic  actions  propagated  by  the  joint  action  of 
matter  and  ether.  There  is  evidence  of  this  in  the  propagation 
of  cathode  rays  through  solid  partitions ;  and  an  investigation  of 
this  and  similar  cases  will,  it  is  hoped,  decide  whether  these 
actions  are  due  to  the  interaction  of  matter  and  ether  under 
known  electi*omagnetic  laws,  or  whether  we  are  in  presence  of  a 
propagation  of  energy  by  means  of  those  underlying  properties 
of  the  ether  that  seem  required  to  explain  fully  what  we  know 
of  chemical  actions,  and  which  might  be  called  the  chemical 
properties  of  the  ether. 

As  we  then  follow  out  the  directions  pointed  out  by  Helm- 
holtz's  work,  we  cannot  help  being  impressed  with  how  feir 
ultimate  explanations  of  nature  lead  us  closer  and  closer  to  the 
conclusion  that  these  phenomena  of  our  consciousness  are  all 
explicable  as  differences  of  motion.  It  is  the  motion  which  is 
imposed  upon  us.  Is  there  not,  then,  reason  in  the  suggestion 
that  colour  and  sound,  nay,  space,  time,  and  substance  are 
functions  of  our  consciousness,  produced  by  it  under  the  action 
of  what  may  be  called  an  external  stimulus,  and  that  the  only 
part  of  the  phenomenon  which  essentially  corresponds  to  that 
stimulus  is  the  always  pervading  motion  ?  And  what  is  the 
inner  aspect  of  motion  ?  In  the  only  place  where  we  can  hope 
to  answer  this  question,  in  our  brains,  thought  is  the  internal 
aspect  of  motion.  Is  it  not  reasonable  to  hold,  with  the  great 
and  good  Bishop  Berkeley,  that  thought  underlies  all  motion  ? 
A  purely  rational  machine  might  get  on  very  well  through  the 
world  without  belienng  that  other  brains  than  his  own  had 
underl}'ing  thoughts.  It  is  the  position  of  the  consistent  posit- 
iWst  To  him  nature  is  what  others  would  call  a  consistent 
dream.  Such  a  position  posits  notliing  that  is  not  positively 
felt.     It  is  consistent,  but  inhuman.     For  human  life  we  require 
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sympathy  and  affection.  For  the  highest  life  we  require  the 
highest  ideal  of  the  Universe  to  work  in.  Can  any  higher  exist 
than  that,  as  language  is  a  motion  expressing  to  others  our 
thoughts,  so  Nature  is  a  language  expressing  thoughts,  if  we 
learn  but  to  read  them?  May  we  not  hope  that  studies  of 
physiological  actions,  of  chemical  constitution  and  change,  of 
vortex  motion,  of  the  laws  of  matter  and  ether,  may  some  day 
enable  us  to  discover  the  motions  in  our  brains  underlying 
sound  and  light,  and  smell  and  touch,  and  pain  and  pleasure, 
hate  and  love  ?  And  may  we  not  hope,  then,  to  be  able  to  form 
some  dim  analogies  by  which  we  may  di^'ine  what  underlies  the 
much  more  complex  motions  of  organic  nature  as  a  whole,  and 
have  a  scientific  basis  for  investigating  what  underlies  the  whole 
sequence  of  organic  evolution  ? 

And  Helmholtz,  by  his  physiological  researches,  by  his 
chemical  researches,  by  his  physical  researches,  by  his  mathe- 
matical researches  in  fluid  motion,  has  advanced  mankind  by 
a  measurable  amount  in  the  road  to  this  splendid  goal.  By  his 
physiological  researches  we  are  measurably  nearer  a  knowledge 
of  the  mechanism  by  which  brain  motions  are  affected.  By  his 
physical  researches  we  are  measurably  nearer  a  knowledge  of 
how  to  apply  the  doctrine  of  the  conservation  of  energy  and 
thermodynamics  to  discover  a  dynamical  explanation  of  physical 
processes.  By  his  chemical  researches  we  are  measurably  nearer 
a  knowledge  of  how  to  apply  these  same  doctrines  and  electro- 
magnetism  to  investigate  the  complex  problems  of  chemical 
change.  By  his  mathematical  researches  on  fluid  motion  we 
are  measurably  nearer  a  knowledge  of  that  simplest  form  of 
motion  in  which  the  postulated  properties  are  so  few,  that  it 
seems  almost  the  only  direction  in  which  we  can  hope  for  a 
really  ultimate  dynamical  explanation  of  Natm-e. 

And  Helmholtz  has  gone  from  us.  Let  us  venerate  his 
nama 
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THOUGHTS  ON  THE  WORK  OF  HELMHOLTZ,  BEING 
AN  ABRIDGEMENT  OF  THE  HELMHOLTZ  MEMORIAL 
LECTURE 

[Hitherto  Unpublished.] 

Hklmholtz  was  one  of  the  great  ones  of  the  nineteenth  century; 
how  great  we  can  hardly  venture  to  decide  so  short  a  time  after 
his  death.  His  early  life  does  not  seem  to  have  given  any 
indication  to  his  teachers  or  schoolfellows  of  his  wonderful 
abilitiea  While  forced  along  lines  uncongenial  to  his  growth 
he  made  little  progress,  and  the  forcing  process  had  fortunately 
but  little  effect  in  contorting  his  mind  into  those  habits  of  mere 
assimilation  that  are  the  delight  of  the  ordinary  teacher.  In 
the  freedom  of  the  German  university  he  rapidly  developed. 
There  he  learnt  how  to  read  natiu-e,  and  with  the  freshness  of 
youth  grasped  at  the  great  principle  of  conservation  of  energy 
then  being  developed.  For  the  sake  of  biological  students  he 
wrote  a  paper  on  the  Conservation  of  Energy  which  called  the 
attention  of  the  scientific  world  to  the  new  country  they  had 
invaded,  and  whose  splendour  the  other  workers  in  this  field  had 
well  nigh  overlooked,  harassed  as  they  were  by  the  details  of 
their  investigations  and  accustomed  as  they  were  to  past  points 
of  view. 

His  duties  as  lecturer  in  general  pathology  and  physiology 
at  Konigsberg  led  him  to  feel  the  want  of  an  instrument  for 
seeing  the  retina  and  hence  to  invent  tlie  ophthalmoscope.  This 
raised  him  at  once  to  such  a  position  by  the  reputation  its  great 
value  conferred  on  its  inventor,  that  he  was  able  henceforth  to 
leave   the  carrying  on  of  investigations  to  his  students  and 
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assistants,  while  he  devoted  his  time  and  energies  to  devising 
new  investigations  and  attacking  problems  whose  methods  of 
solution  were  unknown.  How  fortunate  that  he  had  such 
assistance:  that  the  endowments  of  German  universities  are 
not  frittered  away  in  providing  bribes  to  induce  rich  fools  to 
improve  their  intellects  by  cramming  for  examinations,  an  end 
that  could  be  cheaply  attained  by  smart  fines  or  other  inexpen- 
sive punishments  on  those  who  wickedly  neglect  the  seedtime 
of  youth. 

Heknholtz  thus  obtained  time  for  continuous  thought,  time 
to  wait  for  discoveries,  time  to  prepare  the  ground  of  thought 
by  familiarity  with  the  problem  in  all  its  aspects,  time  for  the 
evolution  of  all  sorts  and  kinds  of  h}'potheses,  to  be  rejected  one 
by  one,  till  by  a  process  of  natural  selection  the  teeming  brain 
at  last  saw  the  true  solution.  As  the  natural  selection  of 
animals  gradually  builds  up  mankind  from  an  undifferentiated 
jelly,  so  the  conscious  selection  of  mind  builds  up  the  great 
idea  from  the  germs  of  thought.  Continuity  and  variety  are  in 
each  case  the  conditions  for  rapid  progress,  and  in  the  brain 
workshop  of  a  Helmholtz  we  see  tlie  indefatigable  workings 
of  a  superabundant  productiveness  bringing  forth  innumerable 
varieties  for  selection.  Tlie  brain-action  is  natural  too.  To 
Helmholtz  the  results  of  liis  thought  ai*e  the  ''  natural,"  nay 
necessary,  outcome  of  what  went  before.  Is  there  any  essential 
difference  between  the  productions  of  nature  and  of  intellectual 
activity?  Tlie  actions  in  the  brain  of  a  Hebnholtz  are  to 
another  governed  by  efficient  causes,  to  Helmholtz  they  were 
directed  by  final  causes.  Do  we  not  see  only  efficient  causes  in 
nature  because  we  are  only  observers,  not  feelers,  of  the  thoughts 
of  Nature  ? 

Of  all  the  cliildren  of  his  intellect  Helmholtz  seems  to  have 
valued  most  his  mathematical  investigations,  such  as  those  on 
vortex  motion,  on  discontinuous  motion,  on  hyper-Euclidean 
space.  These  seem  to  have  given  him  most  labour  to  evolve- 
and  in  some  of  them  the  conclusions  seem  so  simple  when 
pointed  out  that  we  are  tempted  to  think  our  predecessors  were 
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blind  not  to  see  the,  to  us,  obvious  results,  rather  than  more 
humbly  to  credit  the  discoverer  vdth  preternatural  insight 

The  bearing  of  Helmholtz's  work  on  chemistry  is  of  most 
interest  to  the  Chemical  Society,  and  it  bears  on  it  in  many 
directions.  Lord  Kelvin  has  founded  his  brilliant  suggestion 
that  atoms  are  vortex  rings  upon  Helmholtz's  discovery  that 
vortices  in  a  perfect  fluid  can  neither  create  nor  destroy  one 
another.  There  are  many  and  serious  difficulties  in  the  way  of 
believing  in  the  simplest  form  of  this  hypothesis,  and  the  only 
one  that  has  been  at  all  fully  worked  out,  namely  that  atoms 
are  thin  vortex  rings  in  an  otherwise  structureless  liquid.  One 
of  the  most  serious  difficulties  in  the  way  of  this  hypothesis  is 
that  the  molecules  of  a  hot  gas  should  go  more  slowly  than 
those  in  a  cool  one.  This  is  directly  opposed  to  such  fundamental 
facts  as  that  sound  travels  faster  in  a  hot  gas,  and  can  only  be 
got  over  by  some  such  improbable  suggestions  as  that  when  we 
warm  a  gas  we  really  deprive  it  of  a  great  deal  more  energy 
than  we  give  it,  this  abstracted  energy  being  transferred  to  the 
ether  in  a  form  and  by  a  mechanism  that  we  are  as  yet  unable 
to  control  or  use.  The  h}'pothesis  seems  also  to  involve  the 
conclusion  that  the  inertia  of  matter  should  change  with  its 
temperature.  It  does  not  seem  quite  clear  what  should  then 
happen  to  a  system  going  nearly  20  miles  a  second  through 
space,  when  we  light  a  candle.  Unless  some  impulse  is  given  to 
the  candle  flame,  it  does  not  seem  quite  clear  why  it  is  not  left 
behind  when  its  inertia  is  increased.  Very  little  has  been  done 
as  regards  other  forms  of  vortex  motion,  and  very  little  indeed 
in  the  only  direction  that  seems  at  all  likely  to  represent  nature, 
where  the  space  between  atoms  is  full  of  an  ether  which  can  be 
the  seat  of  electromagnetic  energy  and  so  must  have  a  complex 
structure. 

Some  interesting  analogies  have  been  suggested  between 
associations  of  vortex  atoms  and  chemical  combination,  but  the 
similarity  is  so  obscured  by  accompanying  wants  of  likeness 
that  the  suggested  analogy  can  hardly  be  of  any  use  in 
elucidating  chemical  phenomena.     Of  course  there  can  be  no 
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doubt  that  chemical  combination  is  in  all  probability  a  kinetic 
equilibrium,  but  we  seem  very  far  indeed  from  being  able  to 
dispense  with  the  assistance  of  gross  statical  analogies.  The 
tetrahedron  theory  of  carbon  has  produced  singularly  valuable 
results ;  and  the  immense  simplicity  of  statical  analogies  of  this 
kind  as  compared  with  any  possible  kinetic  theory  makes  the 
statical  analogy,  for  the  present  at  least,  a  very  much  more 
hopeful  means  of  attack  than  a  possibly  ultimately  more 
complete  kinetic  theory.  These  remarks  are  intended  to 
comfort  chemists  who  find  the  vortex  atom  theories  too  difficidt 
for  useful  manipulation,  and  may  wish  they  were  mathematicians 
to  be  able  to  use  them.  The  chemical  facts  to  be  fitted  by  any 
such  theory  are  as  yet  anyway  simple  enough  for  a  mathematician 
even  to  understand ;  and  considering  the  want  of  success  that  has 
attended  all  attempts  hitherto  made  by  most  ingenious  mathe- 
maticians to  get  a  vortex-ring  theory  that  will  fit  the  chemical 
facts,  it  seems  much  more  likely  to  be  fruitful  for  the  chemists 
to  work  away  on  statical  analogies  until  the  mathematicians 
have  provided  some  vortex-atom  theory  that  will  fit  the 
elementary  facts  of  chemistiy  with  some  dim  approach  to 
completeness. 

Some  of  Helmholtz's  most  interesting  contributions  to 
chemical  physics  have  been  on  the  theory  of  electrolysis  and  on 
its  thermodjmamic  connexions.  He  has  placed  the  theory  of 
reversible  electrolytic  processes  on  a  basis  that  should  gi%'e 
subjects  of  research  for  many  years  to  come  to  students  of 
electrochemistry ;  and  in  one  direction  especially  his  work  has 
borne  most  valuable  fnut,  namely  in  developing  the  theory  of 
electric  conduction  and  the  nature  of  solution.  By  means  of 
semipermeable  diaphragms  the  process  of  solution  can  be  made 
reversible  and  so  can  be  brought  within  the  domain  of  thermo- 
dynamics. Some  crude  ways  of  expressing  the  important 
analogy  between  the  laws  of  gaseous  pressure  and  of  osmotic 
pressure  have  led  to  differences  of  opinion  as  to  the  legitimacy 
of  explaining  osmotic  pressure  by  the  known  dynamical  methods 
of  explaining  gaseous  pressure ;  but  the  essential  differences  and 
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nmilarities  between  the  liquid  and  gaseous  states  are  daily 
becoming  more  clearly  understood,  and  there  seems  every 
prospect  that  the  whole  subject  is  on  the  eve  of  a  general 
consensus  of  ignorance  if  not  of  satisfactory  explanation. 

How  semipermeable  membranes  act  is  a  very  complicated 
question  when  we  are  dealing  with  those  usually  employed. 
They  are  very  complex  membranes,  and  the  suggestion  that 
they  act  as  simple  sieves  is  untenabla  They  are  evidently 
more  nearly  analogous  to  Graham's  second  class  of  membranes, 
that  act  by  dissolving  some  substances  and  not  others,  than  to 
his  first  class  which  act  essentially  as  mere  sievea  This  view 
leads  us  to  hope  that  we  may  be  able  to  produce  judiciously 
constructed  membranes  which  like  those  in  animal  bodies  may 
be  able  to  act  as  selective  filters,  and  thus  very  much  increase 
our  methods  of  chemical  synthesis.  Hence  the  search  for 
imperfectly  semipermeable  membranes  seems  much  more  likely 
to  lead  to  valuable  results  than  the  attempt  to  produce  a  good 
semipermeable  membrane. 

The  want  of  a  perfect  semipermeable  membrane  is  the  less 
to  be  regretted  in  that  we  can  obtain  a  theoretically  perfect 
semipermeable  membrane  in  the  case  of  solutions  of  non- volatile 
salts.  The  free  surface  of  a  liquid  is  a  perfect  semipermeable 
membrane ;  and  it  can  theoretically  be  used  in  such  conditions 
as  to  prove  in  a  perfectly  conclusive  form  the  connexion  between 
lowering  of  boiling  point  and  osmotic  pressure.  If  a  salt  solu- 
tion be  placed  in  the  upper  part  of  a  tall  vessel  resting  on  a 
perforated  plug  of  some  substance  that  the  solution  does  not 
wet,  the  liquid  will  remain  suspended  if  the  perforations  be  small 
enough  for  the  capillary  surfaces  in  them  to  get  sufficiently 
bowed  out  to  support  the  pressure  of  the  superincumbent 
column  of  liquid.  It  has  long  been  known  that  the  vapour 
pressure  near  their  bowed-out  surfaces  is  greater  than  near 
the  flat  surface  of  the  same  liquid,  and  we  can  calculate  the 
increase  in  vapour  pressure  in  terms  of  the  superficial  tension 
and  curvature.  Now  if  pure  water  be  introduced  below  the 
perforated  plug,  evaporation  from  it  and  condensation  on  the 
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bowed-out  surfaces  of  the  solution  will  go  on  until  the  column  of 
solution  is  long  enough  to  bow  out  its  lower  surfaces  so  far  that 
the  vapour  pressure  near  them  is  the  same  as  that  of  the  pure 
water.  When  this  takes  place,  there  wiU  be  equilibrium ;  and 
the  pressure  of  the  column  of  solution  will  be  the  osmotic  pres- 
sure ;  and  the  known  relation  between  the  vapour  pressures  at  a 
bowed  and  flat  surface  gives  the  well- known  relation  between 
the  osmotic  pressure  and  the  vapour  pressure  of  the  solution. 
The  change  of  vapour  pressure  due  to  substances  in  solution 
has  been  explained  as  caused  by  the  salt  in  solution  preventing 
egress,  and  facilitating  ingress  of  molecules  from  the  gas  into  the 
liquid.  The  well-determined  values  of  this  change  of  vapour 
pressure  show  that,  at  least  approximately  in  the  case  of  dilute 
solutions,  the  resulting  osmotic  pressure  is  the  same  as  would 
be  produced  by  the  salt  molecules  in  the  solution  if  they  could 
exist  as  a  gas  occupying  the  same  volume.  Since  the  lecture 
was  delivered.  Professor  Pojmting  has  shown  that  to  assume 
each  salt  molecule  to  prevent  the  egress  of  a  corresponding 
water  molecule  without  changing  the  facility  for  ingress  of  mole- 
cules, would  account  for  this  observed  value  of  the  osmotic 
pressure.  In  the  semipermeable  membranes  usually  employed, 
the  conditions  are  so  complicated  that  it  is  almost  impossible  to 
say  exactly  what  is  taking  place  in  them ;  but  the  suggestion  that 
has  been  made  that  they  act  like  fine  capillary  tubes,  and  that 
the  difficulty  of  entry  of  the  salt  is  due  to  an  essentially  capil- 
lary action  in  these  tubes,  seems  much  more  probable  than  that 
they  are  mere  sieves.  In  any  case  the  invention  of  a  theoretic- 
ally perfect  semipermeable  membrane  places  the  whole  theory 
upon  an  indisputable  basis.  The  theory  that  the  salt  prevents 
egress  of  water  molecules  points  much  more  towards  an  associ- 
ation of  salt  with  the  water  than  to  the  complete  freedom  of 
salt  molecules  in  the  solution.  In  the  case  of  an  electrolyte,  there 
is  reason  to  believe  that  the  two  ions  of  which  it  is  sometimes 
believed  to  be  composed  act  independently  of  one  another. 
They  certainly  act  in  some  senses  independently  of  one  another. 
The  resistance  oflered  by  water  to  the  diffusion  of  a  salt  may  be 
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calculated  from  two  parts,  each  representing  a  resistance  to 
one  of  its  ions.  The  osmotic  pressure  may  often  be  calculated 
on  the  hypothesis  that  each  ion  acts  independently  of  the  other. 
The  electrical  resistance  of  a  solution  can  be  calculated  on  the 
hypothesis  that  the  resistance  to  motion  of  each  ion  is  the 
same  as  that  experienced  by  them  when  diffusing.  But  in  view 
of  the  enormous  rapidity  of  interchanges,  impacts,  jostles,  eta, 
that  occur  in  a  liquid,  it  is  difficult  to  say  what  amount  of  real 
independence  is  hereby  postulated. 

The  theory  that  the  ions  are  free  from  one  another,  and  at 
the  same  time  oppositely  charged,  is  a  hardly  tenable  hypothesis. 
There  miist  be  important  actions  between  these  ions  and  the 
water  in  order  to  prevent  their  joining  together  in  pairs.  The 
free  condition  is  essentially  unstable ;  and  the  only  hypothesis 
that  has  been  put  forward  to  account  for  the  very  great  weaken- 
ing of  the  forces  of  attraction  between  the  ions,  which  is  required 
in  order  to  account  for  their  independent  motion  in  the  liquid, 
and  the  small  amount  of  energy  required  to  sepaitite  them, 
namely  that  they  are  in  presence  of  water  which  has  a  very 
high  specific  inductive  capacity, — this  hypothesis  is  essentially 
the  same  as  to  suppose  that  they  are  in  chemical  combination 
with  the  water.  What  this  suggests  is  that  the  so-called 
freedom  of  the  ions  is  due  to  their  being  in  complete  bondage 
with  the  water. 

The  theory  that  the  exchanges  of  atoms  which  take  place  in 
a  liquid  depend  on  the  advent  of  favourable  configurations  is 
quite  in  accord  with  what  we  know  of  other  chemical  actions. 
The  molecules  in  a  supersaturated  solution  must  wait  till  they 
are  polarized  by  the  presence  of  a  crystal,  to  arrange  themselves ; 
and  a  similar  condition  seems  to  hold  in  the  case  of  catalytic 
actions  in  general.  The  study  of  these  and  other  superficial 
actions,  of  the  electric  contact-actions  and  the  consequent 
electric  endosmose,  of  the  heating  of  powders  when  mLxed  with 
water,  and  in  general  of  the  electric  bearings  of  all  these  super- 
ficial actions,  deserves  carefid  attention.  Are  the  forces  that 
cause  crystallization  electric  ?    WTio  knows  ?    May  we  not  hope 
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that  by  following  up  Helmboltz's  investigations  on  these  super- 
ficial layers  we  may  discover  the  causes  of  solution,  of  catalytic 
actions,  possibly  of  chemical  action  in  general,  which  may  always 
depend  on  suitable  arrangements  of  molecules.  The  capture  of 
a  comet  by  the  solar  system  depends  on  a  suitable  arrangement 
of  the  planets ;  may  not  all  chemical  actions  depend  on  suitable 
arrangements  of  molecules,  and  the  conductivity  of  solutions 
upon  the  opportunities  presented  by  the  water  for  rearrange- 
ments of  the  ions  in  molecular  groups? 

It  is  to  be  feared  that  we  cannot  really  explain  all  these 
things  till  we  know  more  of  the  connexion  between  matter  and 
the  ether,  and  of  the  structure  of  both.  We  are  still  in  the 
region  of  vague  analogies.  We  have  studied  matter  and  ether, 
and  are  studying  phenomena  like  cathode  rays  in  which  we  have 
mixed  matter  and  ether  actions,  but  none  of  these  can  be  con- 
sidered as  explained  till  they  are  all  explained  on  dynamical  or 
other  simple  principles. 

As  we  follow  in  Helmholtz's  steps  we  are  impressed  with 
how  far  all  explanation  consists  in  a  description  of  imderlying 
motions.  The  differences  we  perceive  seem  to  be  merely  differ- 
ences of  motion.  It  is  the  motion  that  is  imposed  on  us.  It  is 
it  that  we  can  control  or  that  controls  us.  Is  there  not  reason 
then  in  the  suggestion  that  colour  and  sound,  nay,  space,  time, 
and  substance  are  functions  of  our  consciousness,  produced  by  it 
under  the  action  of  wliat  we  may  call  an  external  stimulus,  and 
that  the  only  part  in  phenomena  which  con-esponds  to  the 
stimulus  is  what  we  perceive  as  motion  ?  And  what  can  be  the 
inner  aspect  of  motion  ?  In  the  only  place  where  we  can  hope 
to  answer  that  question,  in  our  brains,  the  inner  aspect  is 
thought.  Is  it  not  reasonable  then  to  hold  with  the  great  and 
good  Berkeley,  that  thought  underlies  all  motion,  that  thought 
is  the  stimulus  of  our  thouglits.  A  puiely  lational  machine 
would  believe  that  other  brains  had  no  thoughts.  To  suppose 
otherwise  is  unnecessarily  to  multiply  hypothesis.  This  is  the 
position  of  the  consistent  positivist.  To  him  nature  is  what 
others  would  call  a  consistent  dream.     Such  a  position  posits 
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nothing  that  is  not  positively  felt.  It  is  consistent,  bat  in- 
human. For  human  life  we  require  sympathy  and  affection. 
For  the  highest  life  we  require  the  highest  ideal  of  the  Universe 
to  work  in.  Can  any  higher  exist  than  this  one;  that»  as 
language  is  a  motion  expressing  to  us  the  thoughts  of  others,  so 
nature  is  a  language  expressing  thoughts,  if  we  learn  but  to  read 
them  ?  May  we  not  hope  that  the  study  of  physiological  action, 
of  chemical  constitution  and  change,  of  vortex  motion,  of  the 
laws  of  matter  and  ether,  may  some  day  enable  us  to  discover 
the  motions  in  our  brains  underlying  sound,  and  light,  and 
amell,  and  touch,  and  pain,  and  pleasure,  and  love  ?  And  may 
we  not  then  hope  to  be  able  to  form  some  dim  analogies  by 
which  we  may  divine  what  underlies  the  much  more  complex 
motions  of  organic  nature  as  a  whole,  and  have  a  scientific  basis 
for  investigating  what  underlies  the  whole  sequence  of  human 
evolution  ? 
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OSTWALD'S  ENERGETICS 

[From  Nature,  March  12,  1896.] 

In  the  February  number  of  Science  Progress  there  is  an  interest- 
ing article,  by  Prof.  Ostwald,  on  "  Emancipation  from  Scientific 
Materialism."  There  are  so  many  vague  fallacies  underlying  it, 
that  it  would  hardly  be  worth  answering,  only  that  there  is 
considerable  risk  that  others,  chemists  especially,  may  be  carried 
away  by  the  arguments  of  one  whom  they  rightly  value  as  a 
leader  in  their  own  domain,  when  he  descants  positively  about 
the  realm  of  mechanics. 

Prof.  Ostwald  begins  by  saying  that  the  current  view  of  a 
mechanical  universe  fails  in  two  respects,  (1)  it  does  not  fulfil 
the  purpose  for  which  it  was  designed,  and  (2)  it  is  inconsistent 
vrith  known  truths.  It  is,  in  the  first  place,  to  be  remarked 
that  nobody  who  has  considered  the  matter  really  seriously  can 
maintain  that  atoms  and  motion  must  constitute  the  whole 
universe.  Such  a  view  leaves  thought  out  of  account,  and  all 
that  can  be  held  is  that  material  phenomena  are  so  explicabla 
Prof.  Ostwald  ignores  such  theories  as  that  of  vortex  atoms, 
which  postulate  only  a  continuous  liquid  in  motion ;  but,  it 
may  be,  this  is  omitted  because  it  is  merely  a  way  of  explaining 
the  atoms.  He  also  ignores  metaphysical  questions,  such  as 
whether  motion  be  not  only  the  objective  aspect  of  thought, 
and  also  whether  an  intuitively  necessary  explanation  of  the 
laws,  as  distinct  from  the  origin  and  consequent  arrangement  of 
phenomena,  is  not  postulated  by  the  fact  that  the  universe  must 
be  intelligible.    Consequently  his  attempt  to  deal  with  nature 
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in  a  purely  inductive  spirit  is  unphilosophical  as  well  as  un- 
sdentific.  The  view  of  science  which  he  puts  forward — a  sort 
of  well-arranged  catalogue  of  facts  without  any  hypotheses — ^is 
worthy  of  a  German  who  plods  by  habit  and  instinct  A  Briton 
wants  emotion — something  to  raise  enthusiasm,  somethii^  wiUi 
a  human  interest  He  is  not  content  with  dry  catalogues ;  he 
must  have  a  theory  of  gravitation,  a  hypothesis  of  natural 
selection.  This  deadly  science  without  hypothesis  is  far  worse 
than  the  materialistic  iginjorabimtis  of  du  Bois-Beymond ;  it  is 
the  culmination  of  the  pessimism  of  Schopenhauer. 

Prof.  Ostwald's  first  Une  of  attack  is  that  the  materialistic 
hypothesis  does  not  fulfil  the  purpose  for  which  it  was  designed. 
When  this  is  investigated,  it  turns  out  that  all  he  means  is  that 
everything  in  nature  has  not  yet  been  explained  on  mechanical 
principles.  And  long  may  it  be  so.  The  zest  of  science  is  dis- 
covery. If  everything  were  explained — well,  it  is  so  far  oflf  we 
may  wait  till  it  comes,  to  describe  what  will  happen.  He  notices 
several  things  which  are  certainly  not  explained  yet ;  such,  for 
instance,  as  why  when  atoms  combine  they  produce  a  result  so 
very  different  from  their  components.  As  nobody  has  yet  sug- 
gested any  reason  why  the  atouis  themselves  possess  the  very 
curious  properties  they  do,  we  can  hardly  expect  a  satisfactory 
explanation  of  why  these  properties  change  when  they  com- 
bine. Any  way,  the  existence  of  an  uninvestigated  region  of 
this  kind  does  not  create  anv  reasonable  doubt  as  to  the 
foundations  of  the  road  that  has  led  us  well  so  far. 

His  second  attack  is  deliberately  founded  on  this,  that 
mechanical  hypotheses  have  not  yet  been  found  to  explain 
everything.  "  I  grant,"  he  says,  "  that  for  many  individual 
phenomena  the  mechanical  analogues  have  been  given  with 
more  or  less  success.  But  all  attempts  to  completely  represent 
the  whole  of  the  known  facts  in  any  department  by  means  of 
some  such  mechanical  analogue  have  resulted  without  excep- 
tion in  some  unexplainable  contradiction  between  what  really 
happens  and  what  we  should  expect  from  our  mechanical 
model.    This  contradiction  may  long  remain  hidden;  but  the 
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history  of  science  teaches  us  that  it  sooner  or  later  makes  its 
inevitable  appearance,  and  that  all  we  can  say  with  complete 
certainty  regarding  such  mechanical  similes  or  analogues — 
usually  termed  mechanical  theories  of  the  phenomena  in 
question — is  that  they  will  doubtless  on  some  occasion  fail" 
All  that  this  really  means  is  that  we  have  not  yet  explained 
everything  on  mechanical  principles,  and  that  when  we  do  get 
a  little  way  on,  we  are  delayed  again  by  something  more  that 
requires  explanation.  But  surely  this  and  nothing  else  is  what 
we  ought  in  all  reason  to  expect.  It  is  about  the  best  test  we 
have  that  we  are  on  the  right  track.  Prof.  Ostwald  cites  optical 
theories  as  an  example  of  the  kind  of  failure  he  refers  to.  He 
seems  for  some  extraordinary  reason  to  imagine  that  the  dastic 
solid  theory  of  the  ether  is  in  some  curious  way  specially  con- 
nected with  the  mechanical  hypothesis  of  the  universa  It  is 
far  from  being  so.  The  mechanical  theory  of  an  elastic  solid 
itself  has  been  only  very  dimly  foreshadowed;  and  Prof. 
Ostwald's  contention  that  transverse  vibi-ation  "  presupposes  a 
solid  body  "  is  in  direct  contradiction  to  Lord  Kelvin's  theorem 
that  a  liquid  in  turbulent  motion  could  transmit  transverse 
xibrations.  Even  Lord  Kelvin's  elastic  solid  ether  in  a  state 
of  tension  could  exist  if  it  be  infinite,  so  that  here  again  Prof. 
Ostwald  is  mistaken  in  saying  that,  because  it  could  not  be 
stable  if  finite,  it  can  have  no  physical  existence.  And  finally 
Prof.  Ostwald  takes  refuge  in  the  as  yet  unexplained  constitu- 
tion of  an  ether  whose  properties  were  discovered  by  assuming 
them  to  be  mechanical,  and  were  only  discovered  about  thirty 
years  ago,  and  have  not  been  seriously  investigated  until  within 
the  last  ten  years.  Surely  no  argument  can  be  based  upon  the 
fact  that  there  are  limits  to  our  present  knowledge. 

Prof.  Ostwald's  third  attack  opens  out  a  new  view.  We 
see  here  a  human  reason  for  his  desire  for  emancipation  from 
the  mechanical  hypothesis.  He  is  dissatisfied  with  du  Bois- 
Ee}Tnond's  ignordbimus.  But  even  du  Bois-Keymond  is  not 
infallible,  and  most  prophecies  as  to  the  limits  of  human  know- 
ledge have  turned  out  to  be  only  limits  to  the  ingenuity  of  the 


390  OsiwaldU  Energetics  [1896 

prophet.  It  is  very  much  more  likely  that  du  Bois-Eeymond's 
apparently  resistless  logic  has  a  flaw,  than  that  the  path  of 
progress  of  science  for  three  hundred  years  has  been  along  the 
wrong  route.  There  are  plenty  of  philosophical  speculations, 
which  no  doubt  du  Bois-Beymond  brushes  aside  as  hardly 
worth  consideration,  which  would  entirely  invalidate  the  greater 
part  of  his  arguments.  Even  though  they  do  not,  it  is  certainly 
quite  unscientific  to  leave  a  road  that  has  led  to  great  discoveries 
merely  because  you  imagine  that  there  is  some  curious  spectre 
in  the  distance  to  which  you  think  it  is  leading  you. 

Prof.  Ostwald's  fourth  attack  is  based  on  the  fact  that  seeds 
grow  into  trees,  but  that  trees  do  not  grow  back  again  into 
seeds.  He  thinks  that  if  the  universe  were  a  mechanical 
system,  there  is  no  more  reason  for  one  than  the  other,  and 
that  they  should  occur  equally  often.  As  he  says,  "  the  tree 
could  return  again  to  the  sapling,  etc."  But  that  is  not  the 
question.  The  question  is,  mxist  it,  if  this  is  a  mechanical 
universe.  The  order  of  events  depends  entirely,  in  a  mechanical 
universe,  upon  the  initial  conditions,  and  all  we  can  say  is  that 
the  initial  conditions  of  tliis  earth  were  such  that  trees  generally 
grow  from[  seeds,  and  that  the  reverse  operation  has  never  been 
known  to  occur.  That  it  has  never  occurred  has  nothing  on 
earth  to  say  to  the  question  of  whether  this  is  a  mechanical 
univeree.  As  a  matter  of  fact,  I  believe  that  this  and  other 
much  simpler  cases,  such  as  are  usually  classed  under  irrever- 
sible actions  in  thermodjTiamics,  can  be  shown  to  be  not  only, 
as  I  have  here  argued,  possible  mechanical  processes,  but  to  be 
the  most  probable  mechanical  processes.  Hence  it  is  quite  pos- 
sible that  the  actual  sequence  of  events  which  Prof.  Ostwald 
cites  as  disproving  the  mechanical  theory  of  the  universe  may 
not  only  be  the  very  best  proof  extant  that  the  mechanical 
theory  is  the  most  probable  theory,  but  may  even  lead  us  to 
conclude  that  it  is  the  only  possible  theorj'. 

Finally,  Prof.  Ostwald  tries  to  build  up  something  instead  of 
what  he  thinks  he  has  demolished.  A  vague  energetics  is  what 
he  presents  instead  of  the  mechanics  of  the  past.    He  advocates 
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the  deadly  view  that  science  should  be  a  catalogue,  well  arranged* 
no  doubt,  but  free  from  those  dreadful  hypotheses.  He  prefers 
volume-energy  to  the  molecular  theory  of  gases.  He  criticises 
this  latter  by  neglecting  to  see  that  the  quantity  often  quoted 
as  energy  per  cubic  centimetre  of  the  gas  is  really  momentum 
per  second  carried  across  a  plane,  and  has  consequently  that 
very  element  of  direction  which  he  accuses  it  of  not  possessing, 
and  the  absence  of  which  in  volume  energy  one  might  possibly 
expect  him  to  explain.  Prof.  Ostwald's  idea  of  science  as  free 
from  hypothesis  is  the  most  advanced  form  of  pure  positivism. 
If  he  were  consistent,  he  should  deny  the  existence  of  thought 
in  the  moving,  coloured,  soft  objects  he  sees  and  feels  around 
him,  and  calls  men.  That  other  men  think  is  a  hypothesis, 
why  not  this  ? 

In  conclusion,  Prof.  Ostwald  seems  to  have  some  dim  doubt 
whether  energetics  >vill  explain  everything.  As  the  doctrine  of 
the  conservation  of  energy  will  not  detennino  by  itself  the 
motion  of  even  a  single  planet  round  the  Sun,  it  is  somewhat 
curious  to  see  the  doubt  that  seems  to  haunt  him  in  answering 
this  question.  The  doctrine  of  the  conservation  of  energy  is 
most  valuable,  but  it  goes  only  a  very  little  way  in  explaining 
phenomena.  More  than  energetics  is  certainly  required  unless 
we  are  prepared  to  endow  energy  with  all  sorts  of  curious  pro- 
perties after  the  manner  of  our  predecessor,  who  used  to  invent 
a  new  subtle  fluid  with  convenient  properties  in  order  to  explain 
every  new  dilficulty.  Prof.  Ostwald's  energy  seems  more  like 
one  of  these  subtle  fluids  than  any  product  of  modem  thought. 
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ON  SCATTERING  OF  RONTOEN  KITS 

;[Conjointl7  with  Dr.  F.  T.  Trouton,  F.R.S.    From  Natur$,  April  80,  1896.] 

For  some  time  past  Prof.  Fitz  Gerald  and  Mr.  Fred.  T.  Ti-outon, 
at  Trinity  College,  Dublin,  have  sought  evidence  of  crystalline 
action,  both  on  transmission  and  reflection  at  grazing  incidence 
of  Eontgen  rays.  Though  so  far  this  has  been  without  success, 
we  learn  that  they  have  noticed  a  marked  scattering  of  the 
rays,  in  transmission  through  some  substances.  The  following 
arrangement  is  convenient  for  showing  this : — ''  On  a  plate  of 
lead,  which  has  a  slit  cut  in  it,  is  placed  a  sheet  of,  say,  solid 
paraffin  2  or  3  mm.  thick,  so  as  to  cover  one  end  of  the  slit ; 
over  this  is  laid  a  strip  of  lead — but  slightly  wider  than  the 
slit — so  as  to  just  entirely  cover  the  slit.  No  direct  radiation 
then  can  pass  from  a  Crookes*  tube,  placed  vertically  over  the 
slit,  to  a  sensitive  plate  placed  behind  the  lead;  but  with  a 
lengthened  exposure  (20  to  30  minutes)  with  a  focus  tube,  a 
darkening  is  found  on  developing  at  the  end  where  the  paraffin 
is  placed.  If  the  paraffin  be  then  moved  to  the  centre  or  other 
end,  so  as  to  eliminate  accidental  effects,  on  again  exposing  the 
darkening  action  is  found  to  follow  the  paraffin.  Some  darken- 
ing always  occur  even  where  there  is  no  solid  body ;  how  much 
of  this  is  due  to  successive  reflections  from  the  lead  sheet  and 
strip,  or  how  much  is  due  to  scattering  of  the  rays  by  air,  is  not 
easy  to  say.' 
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SCIENCE  AND  INDUSTRY 
[Lecture  to  Irish  Industrial  League,  May  7,  1S9G.] 

I  AM  sure  70U  are  all  tired  of  hearing  that  science  is  essential 
for  the  success  of  a  people.  It  is  a  kind  of  bugaboo.  We  are 
all  tired  of  being  frightened  by  it.  If  I  were  not  scientifically 
inclined  I  know  I  would  hate  it,  it  is  so  continually  being  driven 
down  one's  throat.  This  is  worse  in  England  than  in  Ireland, 
but  even  here  we  suflFer  from  it.  And  yet  I  will  act  like  the 
importunate  widow,  and,  though  you  may  hate  me,  I  cr)', "  Hear 
me!" 

The  first  thing  to  imderstand  is  the  difference  between 
scientific  information  and  scientific  methods.  It  is,  roughly, 
like  the  difiference  between  the  ingredients  of  a  pudding  and 
the  method  of  making  it.  A  cook  miglit  have  all  the  ingred- 
ients and  yet  be  totally  incapable  of  making  that  pudding. 
Infoimation  can  generally  be  easily  obtained;  but  methodical 
action  involves  the  foniiation  of  habits,  and  liabits  are  of  slow 
growth.  Anybody  can  be  told  in  a  few  minutes  that  potato 
disease  is  a  fungus  ;  but  it  is  very  hard  to  get  ill-educated 
farmers  to  act  as  if  this  wore  the  case,  and  to  refer  it  to  natural 
causes  which  tliey  should  be  in  the  habit  of  investigating,  and 
not  to  some  occult  influence  of  the  "  Season,"  or  of  "  Thimder," 
or  of  "Electricity,"  or  even  of  "  Fairies" — all  these  being  magni- 
ficent terms  that  sound  big  to  them,  but  have  no  moi*e  meaning 
tlian  the  blessed  Mesopotamia  that  so  comforted  the  poor  old 
lady. 

Unless  people  have  scientific  habits  of  thinking  and  judging, 


394  Science  and  Industry  \i  896 

they  cannot  distinguish  between  the  value  of  scientifio  and 
unscientific  information.  Thej  think  that  muzzling  dogs  gives 
them  hydrophobia,  because  they  have  not  formed  the  habit  of 
distinguishing  between  evidence  founded  on  an  orderly  and 
accurate  investigation  and  prg'udice  founded  on  disorderly  and 
inaccurate  hearsay. 

All  sorts  of  industries  fail  because  people  want  scientific 
information .  and  scientific  methods.  The  knowledge  of  most 
farmers  about  cattle  and  fowl  is  disorderly;  and  they  can't 
improve,  because  they  don't  know  what  suits  their  case  and 
don't  know  how  to  try.  They  are  at  the  mercy  of  quacks,  and 
soon  cease  to  believe  in  the  possibility  of  improvement,  and  so 
are  beaten  by  those  who  can  improve. 

Take,  for  example,  the  case  of  flax-growing.  Flax  is  grown 
in  Belgium,  which,  as  grown,  is  much  the  same  as  Irish  flax, 
but  by  its  treatment  afterwards  is  worth  nearly  twice  as  much. 
"Why  can't  Irish  flax-growers  treat  it  in  the  same  way  ?  Why 
can't  Irish  farmers  out  of  Ulster  grow  flax  at  all  ?  Partly  for 
want  of  information,  but  principally  for  want  of  ability  to  use 
scientific  methods.  Scientific  methods  are :  (1)  to  observe  accu- 
rately ;  (2)  to  experiment  accurately ;  (3)  to  classify  accurately ; 
and  (4)  to  reason  accurately.  Now,  these  are  the  very  things 
in  which  would-be  flax-growers  fail  They  can't  observe  accur- 
ately when  to  cut  the  flax,  nor  when  to  steep  it,  nor  when  to 
take  it  out,  nor  when  to  scutch  it.  They  can't  experiment 
accurately,  nor  verify  their  observations  by  experiment  to  find 
out  what  sort  of  treatment  best  suits  their  land,  their  climate, 
and  their  water.  They  can't  classify  their  observations  or  their 
experiments,  and  consequently  they  can't  deduce  any  conclusions 
worth  having,  nor  produce  flax  worth  buying. 

Similarly  in  rearing  fowl ;  similarly  in  making  butter.  Why 
are  not  all  fowl  well  reared  ?  AVhy  is  not  all  butter  good  ?  For 
want  of  orderly,  accurate  treatment — i.  e,  for  want  of  scientific 
methods. 

The  failure  is  largely  for  want  of  specific  information ;  and 
in  butter-making,  for  instance,  has  been  largely  remedied  by 
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providing  the  information.  But  we  cannot  be  always  providing 
specific  information  of  improved  methods  every  time  any  in- 
dustry changes.  Such  training  is  alwatjs  late.  See  how  bad  the 
butter-making  had  to  be  before  this  sort  of  training  became 
possible.  It  had  to  be  so  bad  that  even  the  farmers  realized  that 
it  was  bad.  The  last  people  to  realize  that  what  they  produce 
is  bad  are  the  producers.  The  whole  population  should  be  so 
trained  that  they  are  on  the  look  out  for  improved  methods, 
and  should  be  able  to  avail  themselves  of  improvements,  and 
even  make  improvements  themselves.  '|We  can't  be  always 
dri^ing  improvements  down  theii*  throats  at  the  point  of  the 
bayonet.  They  should  be  willingly  sought  out  and  utilized  by 
the  producers  themselves. 

What  sort  of  habits  are  necessary  to  be  able  to  do  this? 
Scientific  habits.  Habits  of  scientific  accuracy  in  observing^ 
experimenting,  classifying,  and  reasoning.  Not  theoretical 
habits,  but  practical  habits.  The  distinction  is  most  important. 
Practical  habits  mean  habits  of  dealing  with  things.  Theoret- 
ical habits  are  habits  of  dealing  with  words.  These  latter  are 
very  important  and  are  acquired  by  dealing  with  words.  Prac- 
tical habits  are  equally  important  for  most  people,  and  can  only 
be  attained  by  dealing  with  things.  A  clever  bookworm  once 
maintained  to  me  that  a  good  experimental  education  could  be 
got  by  experimenting,  with  a  dictionary,  as  to  which  word  fitted 
a  given  sentence.  He  only  proved  his  own  ignorance  of  any 
practical  activity. 

We  conclude,  then,  that  the  way  science  bears  on  industry 
is  that,  for  efl&cient  work,  and  especially  for  improvement,  for 
keeping  up  to  the  times,  for  withstanding  the  competition  of 
the  world,  for  raising  themselves  above  the  position  of  hewers 
of  wood  and  drawers  of  water,  for  preventing  extermination 
like  that  of  the  Maori  and  the  Eed  Indian,  a  people  must  be 
provided  with  accurate  information  and  with  habits  of  accurate 
work,  i.  e.  with  scientific  information  and  scientific  methods. 

I  am  afraid  the  people  of  Ireland  have  neither  the  information 
or  the  habits  of  science.     They  have  had  no  opportunity  of 
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acquiring  either  one  or  the  other.  The  habits  are  of  more 
permanent  importance  than  the  information.  Useful  scientific 
information  changes  from  daj  to  daj.  It  can  be  acquired 
quickly  by  those  with  scientific  habit&  A  gardener  who 
understands  the  why  and  the  wherefore  of  what  he  does,  who 
can  do  things  accurately,  who  can  observe  how  matters  are 
getting  on,  who  can  learn  from  his  experiments  and  classify 
his  observations,  such  a  one  can  soon  learn  to  work  under  new 
conditions,  can  apply  new  information  to  the  special  circum- 
stances under  which  he  works,  and  so  can  accommodate  himself 
to  whatever  conditions  arise.  The  gardener  who  can  dig,  but 
because  he  does  not  know  even  %chy  to  dig,  can  never  know 
where  to  dig,  never  rises  above  the  position  of  a  mere  digger. 
The  cook  who  can  carry  out  directions  accurately,  can  observe 
whether  matters  are  going  on  as  described,  can  learn  from  her 
experimental  failures,  can  classify  her  observations, — such  a  one 
can  cook  anywhere.  The  cook  who  cannot  even  measure  salt 
accurately,  who  bums  the  meat  one  day  and  sends  it  up  raw 
the  next,  whose  information  is  inaccurate,  and  her  habits  in- 
accurate,— such  a  one  can  never  be  more  than  a  drudge,  a  failure, 
a  nuisance  to  herself  and  to  society.  ^VTiy  are  the  cabdrivers 
so  opposed  to  mechanically-propelled  vehicles  ?  Because  they 
know  that  they  are  not  able  to  learn  to  drive  them.  They 
should  be  the  proper  drivei*s.  They  know  the  streets.  They 
know  how  to  avoid  one  another,  to  turn  corners,  and  so  forth  ; 
but  because  they  have  unscientific  habits  they  don't  expect  to 
be  employed.  It  was  the  same  with  the  handspinners  when 
mechanical  spinning  was  introduced.  It  is  so  everywhere. 
Changed  conditions  require  changed  methods;  and  scientific 
habits  are  required  to  be  able  to  change  with  the  times  and 
avoid  extermination. 

The  cabdrivers  are  by  no  means  the  only  persons  who  should 
look  out  for  changes  now  imminent.  In  London  the  coach- 
builders  are  all  on  the  qui  vivc.  They  are  learning  how  to 
build  autocars.  They  are  holding  an  exhibition  of  autocars 
themselves.     They  don't  want  to  lose  the  trade  because  horse 
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cars  are  going  to  be  superseded.  Surely  their  energy  and 
enterprise  deserve  success.  No  wonder  that  with  such  energy 
and  enterprise  they  get  some  Irish  trade.  It  would  be  a  most 
useful  work  for  the  Industrial  League  to  press  upon  the  Dublin 
coachbuilders  the  desirability  of  similar  activity.  Are  the  heads 
of  the  trade  in  Dublin  sufficiently  acquainted  with  scientific 
principles  to  be  competent  to  modify  their  present  designs  so 
as  to  suit  autocars?  I  fear  me  that  the  scientific  training  of 
many  heads  of  coachbuilding  establishments  would  hardly  bear 
the  strain.  Why  are  we  so  far  behind  ?  Why  have  we  not 
begun  building,  or  at  least  designing,  autocars  ?  Because 
scientific  education,  i,e.  education  in  practical  science,  is  not 
very  popular  in  Ireland.  Those  who  expect  to  be  heads  of 
practical  business  on  the  Continent  learn  in  Technical  Schools 
and  University  Laboratories  the  principles  underlying  all  they 
do,  and  so  are  in  a  position  to  direct  their  works  into  whatever 
new  channels  turn  up,  and  to  invent  new  channels  for  their 
eneipes.  The  chemical  industry  was  begun  in  England,  and 
still  many  departments  of  it  are  worked  there  well ;  but,  I 
understand,  the  most  advanced  departments,  the  latest  im- 
provements, the  newest  dyes,  come  from  Germany,  because 
Gemian  manufacturers  believe  that  by  scientific  methods  they 
can  make  improvements  and  discoveries,  and  so  they  employ 
well-trained  chemists  to  invent  improvements  and  to  make 
discoveries.  Would  you  not  be  surprised  if  you  heard  that  the 
coachbuilders  of  Dublin  had  engaged  two  or  three  scientific 
men  to  experiment  and  ad\^se  upon  improvements  in  coach- 
building,  with  a  view  to  building  autocars  ?  I  would  be  very 
much  surprised,  because  I  don't  think  Dublin  coachbuilders 
think  that  scientific  methods  can  improve  anything;  for  they 
themselves  know  nothing  about  scientific  methods.  And  they 
believe  this,  though  science  is  thundering  at  their  ears  with  all 
the  inventions  of  the  last  hundred  years,  by  which  the  social 
life  of  civilised  man  has  been  revolutionized.  I  see  that  silk 
squirting  is  to  l>e  started  somewhere  in  England.  It  is  a 
French  invention,  I  believe.    Why  not  have  it  started  here? 
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Why  was  it  not  started  years  ago  ?  Squirted  silk  is  on  the 
market,  and  though  not  so  strong  as  real  silk  it  is  a  beautiful 
febric.  We  here  are  dreadfully  prone  to  trust  to  luck.  We 
think  the  pneumatic  tyres  were  a  lucky  stroke,  and  wish  we 
had  the  luck  to  do  the  same.  Was  the  Bessemer  process  a 
lucky  accident  ?  Was  the  Gilchrist  improvement  a  lucky  hit  ? 
By  no  means.  These  were  the  result  of  a  careful  application  of 
scientific  principles  and  of  scientific  methods  of  investigation  to 
improve  the  methods  of  iron  manufacture.  We  need  not  expect 
to  be  able  even  to  be  quick  at  using  such  inventions,  to  say 
nothing  of  making  them,  unless  we  are  able  to  use  scientific 
methods  and  appreciate  the  importance  of  scientific  methods. 

See  how  fast  the  application  of  electricity  has  progressed. 
Because  it  was  in  the  hands  of  those  who  knew  how  to  apply 
scientific  principles  and  scientific  methods  to  practical  afiEairs. 
See  how  quickly  the  application  of  X-rays  has  progressed  in  the 
hands  of  people  trained  in  scientific  principles  and  in  scientific 
methods.  The  discovery  is  hardly  five  months  old,  and  yet 
there  is  talk  of  its  being  a  necessity  in  every  well-equipped 
hospital  How  old  would  a  discovery  in  butter-making  or 
fliavouring  be  before  it  could  be  introduced  into  every  well- 
equipped  dairy  ?  "Why,  the  method  of  rotation  of  crops  is  more 
than  a  hundred  years  old,  and  its  advantages  have  been  told 
to  three  generations  of  Irish  farmers,  and  yet  it  has  only 
penetrated  a  small  distance  in  the  backward  parts  of  Ireland. 
Why  ?  Because,  though  the  farmers  were  given  the  infor- 
mation, they  were  not  given  scientific  habits  of  thought,  and 
so  could  not  use  the  information  nor  appreciate  its  value. 

And  so  through  all  industries.  Failure  is  largely  due  to 
want  of  practical  scientific  information  and  practical  scientific 
methods,  and  success  due  to  practical  scientific  methods  and 
practical  scientific  information,  the  methods  being  in  every 
case  the  more  important  for  permanent  success. 

How  can  people  acquire  scientific  methods  ?  Remember 
that  this  means  habits  of  accuracy  in  observing,  in  experiment- 
ing, in  classifying,  in  judging,  and,  consequently,  in  doing.    The 
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only  way  to  acquire  habits  of  doing  anything  is  by  doing  that 
thing. 

We  can't  learn  to  play  a  violin  by  reading  about  it  nor  even 
by  seeing  another  person  play  it.  We  can't  learn  to  observe 
things  accurately  except  by  observing  things  accurately.  Merely 
observing  accurately  the  letters  that  form  words  in  a  book  will 
not  teach  a  person  to  observe  accurately  events  that  are  chang- 
ing. Many  people  who  are  most  accurate  about  words  are  very 
inaccurate  and  unobservant  about  things.  But  it  is  accuracy  in 
dealing  with  real  things  that  is  necessary  for  success  in  in- 
dustry. The  education  of  our  minds  and  bodies  in  accurately 
dealing  with  things  is  the  great  want  in  our  present  education. 
A  farmer's  boy  learns  nothing  of  tliis  kind  at  school  and  still 
less  at  home.  The  prospective  cook  learns  very  little  of  this 
at  school  and  much  less  at  home.  During  the  plastic  years  of 
life,  while  habits  are  being  acquired,  the  habit  of  dealing  accur- 
ately with  things  is  not  learned,  but,  on  the  contraiy,  habits  of 
dealing  inaccurately  are  acquired.  The  boy  learns  that  fairies 
cause  sickness  among  the  sheep,  and  receives  no  direction  how 
to  seek  out  by  observation  and  experiment,  i.e,  by  scientific 
methods,  for  the  true  natural  cause,  and  so  is  never  able  to 
remove  the  cause.  The  girl  learns  that  it's  the  nature  of  things 
to  be  dirty,  and  everything  "  asy  "  will  do  "  well  enough,"  so  she 
never  learns  to  be  accurate  or  to  improve. 

The  fault  of  our  present  system  is  in  supposing  that  learning 
to  use  words  teaches  to  use  tilings.  This  is  at  its  best.  It 
really  does  not  even  teach  children  to  iise  words,  it  only  teaches 
them  to  learn  words,  to  stuff  their  memories  with  phrases,  to 
be  a  pack  of  parrots,  to  suffocate  thought  with  ind^estible 
verbiage.  Take  the  case  of  experimenting.  How  can  you 
teach  children  to  make  careful  experiments  with  words  ?  Yet 
it  is  of  great  importance  that  they  should  be  able  to  learn  from 
experiments.  Take  the  case  of  spraying  potatoes,  and  look  at 
the  reports  from  all  over  Ireland  published  by  the  Royal  Dublin 
Society.  See  how  many  answers  run :  "  I  don't  think  spraying 
is  any  good.    I  spent  a  lot  of  trouble  on  it.    I  sprayed  once, 
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and  my  potatoes  are  no  better  than  those  of  my  neighboura. 
There  was  no  blight  anywhere  in  my  district  How  can  idiots 
like  that  ever  succeed  ?  But  this  is  only  typical  of  the  way 
hundreds  and  thousands  of  people  are  arguing  in  all  sorts  of 
matters  of  vital  concern  to  themselves  and  others.  This  sort 
of  reasoning  says  muzzling  dogs  is  no  use  and  vaccination  is  a 
humbug,  and  as  a  consequence  hydrophobia  is  rampant,  and 
hundreds  of  people  die  per  week  of  smallpox,  as  in  Gloucester 
the  other  day.  Unless  a  person  is  taught  young  to  make 
proper  experiments  he  won't  be  able  to  do  it.  To  suppose 
that  he  will,  is  to  suppose  that  he  is  a  greater  genius  than  Lord 
Bacon,  the  founder  of  experimental  investigation.  There  is  no 
use  in  expecting  everybody  to  be  a  genius  like  this,  but  almost 
everybody  can  be  tavgM  to  make  moderately  intelligent  experi- 
ments. But  not  by  words  ;  only  by  actually  making  them. 
And  similarly  with  reference  to  all  kinds  of  doing,  we  learn  to 
observe  things  by  observing  them,  to  make  things  by  mAlHng 
them,  to  classify  things  by  classif jdng  them.  The  great  mistake 
hitherto  made  is  to  suppose  that  by  learning  to  deal  with  words 
children  can  learn  to  deal  with  things ;  and  this  mistake  is  to 
suppose  our  poor  children  are  all  geniuses  like  Lord  Bacon,  and 
could  see  how  to  escape  as  he  did  from  mediaeval  methods  with 
words  to  scientific  methods  with  things. 

A  somewhat  similar  mistake  has  been  made  in  education  in 
the  methods  of  dealing  with  things.  It  was  for  long  maintained 
that  2>?a'e  science  was  the  sole  business  of  schools,  and  that 
applications  of  science  should  be  learned  in  shops  and  in  the 
field.  This,  again,  assumed  that  our  poor  children  were  geniuses 
like  Watt  and  Liebig,  Lord  Kelvin  and  Sir  Jolm  Lawes.  Greniuses 
of  past  generations  and  of  the  present  are  engaged  in  discovering 
how  to  apply  pure  science  to  practice.  It  is  no  easy  matter. 
People  say,  "Oh,  now,  it  only  requires  to  be  applied!"  Only ! 
How  long  was  steam  known  before  it  was  usefully  applied  ? 
Half  the  difficulty  is  in  the  application,  and  it  requires  genius 
of  a  high  order  to  apply  pure  science  to  practice.  And  this  is 
what  our  poor  children  were  expected  to  do.     Science  schools 
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provided  them  with  pure  science.  They  might  buy  apparatus 
so  long  as  it  had  no  practical  applications.  Dynamos  are  com- 
mercial, therefore  they  are  tabooed.  Our  poor  children  were, 
as  it  were,  provided  with  beautiful  fruits  that  required  cooking, 
but  were  not  allowed  to  be  taught  how  to  cook  them.  It  was 
known  that  the  method  of  cooking  was  the  discovery  of  a  few 
great  geniuses,  but  still  the  poor  children  were  told,  "  Oh,  you 
must  find  out  how  this  is  done  for  yourselves."  We  are  grow- 
ing out  of  this  stage.  Technical  schools,  where  the  application 
of  scientific  information  and  methods  to  practice  is  taught^ 
are  now  recognised  as  necessary  for  the  prosperity  of  a  country. 
They  have  long  been  regarded  as  necessary  in  Di\dnity,  Law, 
and  Medicine.  Our  clergy,  our  lawyers,  and  our  doctors  have 
for  years  had  technical  schools  in  which  to  obtain  their  pro- 
fessional education.  Why,  then,  not  our  ironworkers,  our 
farmers,  our  industrial  and  commercial  professions  ?  But 
technical  schools  are  of  little  use  if  proper  habits  of  thought  and 
practice  are  not  produced  in  our  children,  for  application  in  the 
schools.  Habits  can  only  be  formed  young;  and  one  of  our 
principal  educational  needs  now  is  the  need  of  a  department 
in  our  schools  which  will  cultivate  scientific  habits.  Other 
nations  have  invented  ways  of  doing  this.  We  have  only  to 
enter  into  their  labours.  Elindergarten  has  been  invented  for 
us  in  Germany.  Sloyd  has  been  perfected  in  Sweden.  Scien- 
tific object-lessons  and  the  teachmg  of  elementary  science  have 
been  worked  out  in  England  and  Scotland.  We  here — and  we 
should  be  ashamed  of  it — have  contributed  nothing  to  the 
advance  of  mankind  in  education.  The  only  remaining  direc- 
tion is  games.  Wliy  should  not  elementary  schools  have 
organized  games  ?  They  are  highly  educational  If  organ- 
ized, perhaps  they  would  be  kept  out  of  the  betting  mania. 
Draughts  and  chess  indoors,  hurling  and  football  and  cricket 
out  of  doors.  A  practical  training  in  dealing  with  others,  in 
combining  for,  and  in  voluntary  obedience  to,  reasonable  rules, 
in  practical  initiation,  in  keeping  one's  temper,  in  judging 
fairly  of  opponents — these  and  many  other  excellent  qualities 
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are  produced  by  school  games  to  an  extent  that  nothing  else 
can  emulate.  Germany  and  France  envy  our  school  games. 
Why  shoidd  not  our  elementary  schools  have  organized  school 
games. 

But  this  is  a  digression  from  Science  and  Industry. 

We  conclude  that  children  should  be  early  trained  in  actually 
observing,  experimenting,  classifying,  and  reasoning  from  these. 
This  formation  of  these  habits  will  simultaneously  train  their 
hands  to  do  what  their  heads  want,  because  it  is  a  training  in 
actually  doing  accurately  what  their  heads  want  done. 

We  also  conclude  that  the  training  should  embrace  a  train- 
ing in  the  applications  of  these  habits  to  the  special  work  of 
the  worker. 

This  divides  the  primary  from  the  secondary  parts  of 
scientific  industrial  education. 

The  business  of  primary  education  is  the  formation  of 
general  scientific  habits;  the  business  of  secondary  education 
is  the  formation  of  particular  scientific  habits. 

There  is  very  little  chance  of  creating  these  habits  in  the 
present  generation. 

Thaj  must  be  spoon-fed  with  particular  improvements  like 
the  dairj'maids. 

This  kind  of  thing  can't  go  on  permanently,  because  it  is 
always  too  late. 

Hence  necessity  for  improved  education. 

Kindergarten  is  the  beginning  of  this,  but  we  should  have  a 
continuation  of  kindergarten  as  the  children  grow,  a  growing 
practical  course. 

Boys  are  worse  off  than  girls  now — there  is  needlework  for 
girls. 

But  we  must  begin  slowly  with  drawing,  both  mechanical 
and  freehaucL 

This  is  good  and  useful,  but  it  does  not  train  scientific 
habits.  The  children  must  have  opportunities  of  practically 
experimenting  and  classifying  and  deducing.  The  old  book- 
worm science  that  knew  much  and  did  nothing  is  dead. 
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What  subjects  lend  themselves  to  this? 

Simple  physical  and  chemical  experiments  and  botany. 
Children  can  make  simple  measurements,  and  the  apjmratus 
fw  experimenting,  and  can  collect  and  classify — measure  up 
the  size  of  a  table,  calculate  the  cubical  contents,  find  its 
weight,  its  centre  of  granty,  find  how  much  salt  will  be 
dissolved  by  water,  distinguish  between  chemical  and  physical 
changes — classify  plants,  slugs,  gnibs,  flies — collect  and  observe 
their  habits,  make  experiments  on  growing  plants. 

All  this  takes  a  long  time.  We  generally  expect  too  much. 
One  or  two  experiments  a  month,  each  conducted  carefully  and 
slowly,  would  be  quite  enough. 

We  must  carefully  recollect  that  the  accuracy  cultivated  is 
Tiot  the  accuracy  got  by  repeated  practice,  but  the  accuracy  of 
slow  carefulness.  The  accuracy  of  practice,  the  rapidity  of 
dexterity,  can  only  be  acquired  in  apprenticeship,  in  shops, 
in  actual  business ;  but  the  habit  of  caution,  of  accurate  veri- 
fication, of  slow  carefulness,  this  can  be  taught  by  carefully 
and  slowly  doing  things  accurately  and  verifying  our  obser- 
vations and  measurements.  A  general  handiness  must  also 
be  cultivated  and  will  be  cultivated  by  these  methods  of 
education.  If  not  acquired  young,  the  controlling  brain-centres 
become  atrophied  and  incapable  of  vigorous  activity. 

Why  are  we  so  far  behind  in  all  this  in  Ireland  ?  Is  it  the 
fault  of  the  farmers — of  the  industrial  classes  ?  No.  It  is  the 
fault  of  our  educational  system.  People  with  monastic,  book* 
wormy  habits  of  thought  have  controlled  it. 

The  Intermediate  Board  won't  allow  boys  in  an  agricultural 
country  to  learn  botany.  Trinity  College  won't  allow  students 
in  their  first  years  to  learn  experimental  science,  for  fear  it 
might  thereby  encourage  schools  to  teach  children  scientific 
methods.  The  National  Board  have  not  yet  made  drawing 
compulsoiy — the  money  available  a  few  years  ago  was  divided 
so  as  to  please  teachers  and  not  improve  the  taught.  If  all 
money  given  be  spent  on  the  teachers,  they,  as  a  body,  most 
get  it  all — perhaps  not  the  same  teachers  as  now.     But  it 
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ahoTild  be  spent  on  those  who  are  most  useful  to  the  children 
and  their  country. 

How  can  we  expect  any  other  result  when  the  educational 
machinery  of  the  country  is  controlled  by  a  lot  of  very  worthy 
old  bookworms  with  more  sympathy  with  the  theory  of  equa- 
tions and  Greek  verse  than  with  the  industrial  welfare  of  the 
country  ?  How  can  we  expect  anything  else  when  Trinity 
College,  that  should  be  a  source  of  light,  deliberately  tries  to 
prevent  schools  from  training  the  youth  of  the  country  in 
scientific  habits, — and  when  the  Intermediate  Board,  with  ample 
funds  at  their  disposal,  deliberately  refuse  to  take  steps  to  ensure 
that  the  knowledge  they  reward  is  more  than  a  mere  cram  of 
words?  The  Science  and  Art  Department  inspect  schools  to 
be  sure  that  practical  subjects  are  taught  practically.  The 
Intermediate  Board  have  deliberately  refused  to  do  anything 
of  the  kind,  although  it  has  been  pressed  upon  them.  Blind 
leaders  of  the  blind,  we  will  soon  all  be  in  the  ditch  together. 

It  is  all  very  well  to  complain  that  the  industrial  classes 
are  not  industrious,  that  they  are  not  cleanly,  that  they  are 
fond  of  loafing.  This  may  be  all  quite  true  ;  but  who  is  it 
sets  them  the  example  of  being  content  with  what  their  fore- 
fathers did  ?  AMio  sets  them  the  example  of  refusing  to  change 
with  the  times  ?  "iVho  sets  them  the  example  of  behaving  like 
Bed  Indians  and  Australian  Savages  who  cannot  change  with 
the  times,  and  are  consequently  being  exterminated  ?  It  is 
those  who  should  be  their  leaders.  It  is  the  authorities  of  the 
University  of  Dublin.  It  is  the  Board  of  Intermediate  Educ- 
ation. It  is  the  Board  of  National  Education.  It  is  those 
gentry  who  think  more  of  sport  than  of  industry,  who  have 
left  it  to  the  nuns  to  teach  the  people  to  clear  away  dirt  from 
their  houses,  and  the  manure  heap  from  their  house-doors. 

Awake!  0  leaders  and  Press  of  Ireland,  before  it  be  too 
late — before  the  people  of  Ireland  are  swept  away  like  the  Red 
Indian  and  the  Maori  by  the  competition  of  a  people  with  capable 
leaders.  The  people  are  starv-ing  for  bread  and  you  have  given 
them  educational  stones,  and  their  blood  cries  out  against  you. 
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[From  the  EUetrician^  June  19,  1896 :  in  connexion  with  the  'celehration  of  thft 
Jubilee  of  Lord  Kelvin's  Professorship  at  Glasgow.  Reprinted  with  modifioa* 
tions  in  the  Commemoratiye  Volume.] 

How  dififerent  life  is  at  the  end  of  the  nineteenth  century  from 
what  it  was  at  the  beginning !  Then  communication  was  by 
stage  coach  and  sailing  vessel.  Tlie  only  telegraph  a  sema- 
phore. All  means  of  distribution  of  wealth  slow  and  uncertain. 
Yet  what  an  advance  on  previous  centuries  ?  We  can  hardly 
conceive  how  people  lived  when  hand-spinning  and  weaving 
had  to  provide  clothes  for  everybody.  The  laws  of  mechanics 
discovered  in  the  seventeenth  century  were  rapidly  applied  in 
the  eighteenth.  The  experimental  discoveries  of  Boyle  and 
others  about  gases  produced  the  steam  engines  of  the  succeeding 
years.  The  seventeenth  century  may  be  described  as  that  of 
the  discoveries  of  dynamics.  The  eighteenth  as  that  of  the 
discoveries  of  steam.  The  nineteenth  as  that  of  the  discoveries 
of  electricity. 

How  has  all  this  come  about  ?  By  patient  plodders  work- 
ing on  the  lines  of  inductive  science.  By  learning  from  Nature 
in  the  school  of  experience.  All  who  work  on  these  lines  are 
truly  scientific.  They  may  be  making  experiments  on  the 
magnificent  scale  of  laying  ocean  telegraphs,  or  on  the  dimi- 
nutive scale  of  measuring  the  minute  change  of  temperature 
of  melting  of  ice  under  pressure ;  they  may  be  applying  mathe- 
matics to  calculate  the  oceanic  tides,  or  to  determine  the  size 
of  an  atom ;  but  whether  they  are  engaged  on  the  large  or  the 
small,  on  matters  immediately  applicable  to  the  service  of 
man,  or  on  investigations  that  are  of  no  more  immediately 
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obvious  use  than  a  baby,  still  they  are  truly  scientific  if  they 
learn  from  Nature  in  the  school  of  experience.  It  is  the 
continually  learning  that  is  the  essence  of  the  truly  scientific 
spirit.  Very  few  have  either  the  ability  or  opportunity  of 
working  on  all  these  lines — of  advancing  human  activity  and 
human  knowledge.  If  one  were  asked  to  point  out  a  typical 
example  from  those  who  have  applied  scientific  methods  to 
the  advantage  of  mankind,  an  example  of  the  kind  of  intellect 
that  has  changed  the  face  of  society  so  that  our  whole  industrial 
system  has  been  utterly  revolutionized  and  with  it  the  conditions 
of  life  of  the  majority  in  all  civilized  nations,  the  first  name 
that  would  occur  would  be  that  of  Lord  Kelvin. 

He  has  worked  in  the  most  diverse  lines.  With  the  whole 
gamut  of  applied  mathematics  at  his  finger  ends  he  has  applied 
it  to  the  laying  of  telegraph  cables  and  to  calculate  how  best 
to  signal  through  them,  how  best  to  compensate  for  the  action 
of  the  iron  in  ships  on  their  compasses  and  how  to  predict  the 
tides,  how  to  measure  temperature  and  electricity,  how  to  cal- 
culate the  age  of  the  Earth  and  the  size  of  an  atom.  In  each  of 
these  lines  and  in  many  others  he  has  made  important  con- 
tributions to  the  sum  of  human  knowledge  and  has  improved 
the  opportunities  of  human  activity. 

Lord  Kelvin  was  bom  in  Belfast  in  1824,  and,  when  only 
22  years  of  age,  was  appointed  in  1846  to  the  post  he  still  holds. 
His  contributions  to  the  service  and  information  of  mankind 
have  been  recognized  by  learned  bodies  all  over  the  civilized 
world.  An  enumeration  of  the  honours  conferred  upon  him 
by  learned  bodies  would  serve  no  useful  purpose  here.  That 
he  has  been  so  universally  honoured  confiims  our  faith  that 
the  honour  we  give  him  is  not  an  insular  prejudice  but  is 
founded  on  true  greatness.  Even  the  Crown  has  been  com- 
pelled to  recognize  his  valuable  Ber\ices,  and  has  conferred  on 
him  first  knighthood  and  then  a  peerage. 

Lord  Kelvin's  work  may  be  roughly  summarized  under  the 
following  heads : — 

(1)  Mathematical  papers  which  are  mainly  concerned  with 
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problems  that  arose  in  connexion  with  special  physical  ques- 
tions 

(2)  Elasticity  and  optical  theory 

(3)  Hydrodynamics  and  vortex  theory,  tides  and  navigation 

(4)  Thermodynamics,  heat,  and  the  age  of  the  earth 

(5)  Electromagnetic  work,  including  the  laying  of  cables 

Lord  Kelvin's  mathematics  is  of  the  specially  powerful  type 
that  distinguishes  such  giants  as  Laplace  and  Green.  He  is 
determined  at  all  costs  to  solve  the  question,  and  does  not 
give  up  because  it  leads  to  laborious  approximations  and  com- 
plicated series.  He  rejoices  no  doubt  in  elegant  methods,  as, 
for  example,  in  the  theory  of  electrical  images ;  but  what  some 
would  consider  inelegant  and  sledgehammer  methods  are  at 
hand  to  obtain  the  result.  His  mathematics  is  for  the  sake 
of  the  result,  and  not  for  the  sake  of  the  mathematics.  He 
has  especially  developed  the  methods  of  physical  investigation 
depending  on  the  principles  of  the  conservation  of  energy,  and 
the  popularity  of  these  methods  owes  a  great  deal  to  his 
powerful  example. 

The  theory  of  elastic  solids  owes  a  great  deal  to  him. 
Continental  authorities  had  investigated  the  question  largely 
from  the  point  of  view  that  solids  were  collections  of  points 
which  acted  upon  one  another  independently,  and,  neglecting 
the  pretty  obvious  fact  that  their  structure  and  properties 
could  not  be  explained  by  any  such  simple  hypothesis,  had 
deduced  that  the  rigidity  was  necessarily  three-fifths  of  the 
compressibility  in  all  simple  solids.  It  really  came  to  be  a 
definition  of  a  simple  solid ;  for  when  it  was  conclusivdy 
shown  that  plenty  of  recognised  solids  had  quite  other  numer- 
ical relations  between  the  rigidity  and  compressibility,  all  that 
could  be  answered  was  that  jelly  and  cork  and  indiarubber, 
and  indeed  most  solids,  were  not  simple  solids.  Lord  Kelvin 
has  always  advocated  the  much  more  scientific  course  of  first 
showing  inductively  from  experiment  that  the  knowledge  of 
the  properties  of  elastic  solids  can  be  reduced  to  a  knowledge 
of  the  two  qualities  rigidity  and  compressibility,  and  then 
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deducing  the  behaviour  of  solid  bodies  from  this.  This  method 
is  the  only  satisfactory  one  open  to  us  in  our  existing  intense 
ignorance  of  the  structure  of  solids,  and  has  led  in  his  hands 
to  very  valuable  results.  In  Karl  Pearson's  "History  of  the 
Theory  of  Elasticity"  more  than  a  hundred  pages  are  devoted 
to  Lord  Kelvin's  contributions  to  the  theory  of  elasticity.  The 
most  characteristic  peculiarity  of  these  pages  is  the  way  in 
which  they  bristle  with  suggestions  as  to  all  sorts  and  kinds 
of  elastic  bodies.  It  is  there  stated  of  his  work  on  elasticity : 
"  There  is  that  fertility  of  idea  and  that  mark  of  genius  which 
has  made  Sir  William  Thomson  the  leader  and  characteristic 
representative  of  physical  science  in  our  own  country  to-day .'* 
The  two  most  generally  interesting  of  his  investigations  on 
elasticity  are  concerned  with  the  elastic  solid  theory  of  the 
ether  and  with  the  question  as  to  the  rigidity  of  the  Earth. 
The  mere  enumeration  of  these  investigations  shows  how  Lord 
Kelvin  has  devoted  himself  to  hurling  his  attacking  battaliona 
at  the  most  important  and  impenetrable  of  the  outworks  of 
our  enemy,  Ignorance.  In  each  case  he  has  advanced  most 
important  trenches  against  these  outworks.  In  his  study  of 
the  elastic-solid  theory  of  the  ether  he  has  shown,  apparently 
-conclusively,  that  no  simple  elastic-solid  theory  is  competent 
to  explain  the  properties  of  the  ether.  In  his  study  of  the 
rigidity  of  the  Earth  he  has  shown  reasons  to  believe  that  the 
Earth  is  extremely  rigid,  reasons  which  must  be  taken  account 
of  by  all  future  investigators,  and  which  overthrow  such  sugges- 
tions as  that  the  present  surface  of  the  Earth  is  a  thin  shell 
floating  on  a  liquid  nucleus. 

These  investigations  as  to  the  rigidity  of  the  Earth  arose 
out  of  investigations  as  to  the  tides.  From  his  connexion  with 
submarine  cable-laying  he  has  long  had  an  intense  interest  in 
navigation,  and  the  theory  of  the  tides  and  tidal  prediction 
have  gained  much  from  him.  That  the  Indian  Government 
have  spent  large  sums  of  money  in  pronding  tide-calculating 
machines  based  on  Lord  KelWn's  inventions  is  pretty  con- 
clusive proof  that  his   investigations   in   this  direction  have 
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borne  useful  fruit.  Without  the  assistance  of  these  machines 
the  calculation  of  tide-tables  is  an  extremely  laborious  process, 
so  much  so  that  it  has  been  seldom  undertaken  so  as  to  give 
accurate  results  in  the  case  of  any  except  the  most  important 
ports.  With  these  machines  accurate  results  can  be  obtained 
with  comparatively  little  labour. 

In  other  directions  Lord  Kelvin  has  assisted  na^^gation. 
By  his  inventions,  in  connexion  with  the  method  of  sounding 
by  observing  the  compression  of  air  by  the  pressure  at  a  depth 
in  the  sea,  he  has  notably  aided  ships  in  determining  their 
position  in  thick  weather.  With  the  old  method  of  throwing 
the  lead  the  ship  had  to  be  brought  almost  to  a  standstill 
in  order  to  get  any  result,  and  this  method  was  entirely 
inapplicable  in  deep  water  imless  the  ship  was  quite  at  rest. 
With  the  method  introduced  by  Lord  Kelvin  the  ship  may 
be  proceeding  rapidly  and  valuable  results  obtained  in  very 
deep  water.  The  value  of  the  method  to  all  rapid  ocean- 
going steamers  is  incalculable,  and  the  possibility  of  safe 
rapid  passages  in  thick  weather  is,  at  least  partly,  due  to  the 
introduction  of  Lord  Kelvin's  sounding  apparatus  on  board  all 
large  ocean-going  steamships.  This  has  been  effected  notwith* 
standing  the  notorious  conservatism  of  sailors,  of  whom,  almost 
more  than  of  any  other  class,  it  may  be  said : — "People  working 
in  established  ways  have  their  own  work  to  do  and  have  no 
time  to  waste  upon  'fads.'  So  much  is  this  the  case  that  it 
often  happens  that  they  have  very  little  knowledge  of  how 
things  would  work  out  if  they  departed  from  the  ruts  they 
are  accustomed  to  run  along.  That  is  to  say,  the  spirit  of 
scientific  research,  which  was  to  some  extent  present  in  the 
industry"  in  its  early  stages,  has  nearly  all  evaporated,  leaving 
behind  regular  rules  and  a  hatred  of  fads." 
I  Another  important  aid  to  na'sdgation,  pro^^ded  by  the  spirit 
of  scientific  research  which  certainly  never  evaporated  out  of 
Lord  Kelvin,  was  his  compass,  with  its  delicate  suspension, 
slow  period,  facility  for  compensation,  and  freedom  from 
vibration.    Though  it  has  been  criticised  as  a  scientific  toy 
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and  03  gimcrackj,  these  criticisms  only  show  the  prejudice 
of  the  critic,  as  is  proved  by  the  ahnost  universal  adoption 
of  these  gimcrackj  scientific  toys  by  those  who  have  had 
practical  experience  of  them  and  of  others. 

Hydrodynamics  has  benefited  in  many  ways  by  Lord 
Kelvin's  acti^•ity.  He  has  developed  important  general  theo- 
rems and  applied  them  to  solve  many  complicated  problems. 
He  has  studied  the  waves  produced  by  ships,  and  advocated 
bulb  keels  on  a  large  scale  before  yacht-builders  discovered 
them.  He  has  largely  advanced  our  knowledge  of  vortex 
motion,  and  has  proposed  the  intensely  suggestive  vortex-atom 
theory  of  matter.  All  through  his  work  he  has  been  harping 
on  the  possibility  of  explaining  elasticity  by  motion.  The 
stifihess  of  a  gyroscope,  the  elasticity  of  a  vortex  ring,  in 
which  movement  confers  elasticity  on  inelastic  material,  have 
been  continually  underljang  his  views  of  Nature.  Our  know- 
ledge of  how  far  such  things  can  explain,  and  how  far  they 
have  not  yet  explained,  the  phenomena  of  matter  and  of  the 
ether,  is  largely  due  to  his  initiative.  In  1847  he  showed  how 
Faraday's  ether-forces  could  be  illustrated  by  the  possible 
displacemeuts  of  an  elastic  solid;  and  though  the  connexion 
was  a  mere  analogy,  because  it  made  electric  and  magnetic 
actions  depend  upon  identical  properties  of  the  medium,  never- 
theless it  was  the  germ  from  which  Maxwell's  mathematical 
representations  of  Faraday's  Wews  may  have  sprung,  and  with 
them  all  modem  developments  of  electromagnetism. 

A  generation  that  has  been  reared  on  the  law  of  the 
conservation  of  energ}",  who  have  imbibed  with  their  earliest 
scientific  milk  the  equivalence  of  heat  and  energy,  can  hardly 
understand  the  position  of  science  wlien  Lord  Kehdn  began 
his  professoriate.  The  domain  of  mathematical  physics  was 
then  almost  entirely  in  the  hands  of  persons  with  a  taste 
and  training  in  pure  mathematics.  The  true  physical  basis 
of  mechanics  was  passed  over  as  unimportant,  and  the  analysis 
that  solved  problems  was  all  important.  A  generation  that 
called  the  acceleration  of  gravity  a  force,  and  bewildered  the 
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unfortunate  student  with  it,  was  by  that  very  fact  convicted 
of  carelessness  about  physical  conceptions.  A  confused  nomen- 
clature is  an  almost  certain  sign  of  confused  or  careless  con- 
ceptions. Thomson  and  Tait,  by  their  "Natural  Pliilosophy" 
and  by  the  influence  they  have  exerted  by  their  teaching, 
have  succeeded  in  rousing  British  science  from  this  disastrous 
position.  They  called  special  attention  to  the  law  of  the 
conservation  of  energy  and  to  the  physical  basis  of  mechanics 
at  every  point.  They  emphasised  the  experimental  basis  of 
natural  philosophy,  and  took  as  their  text  a  quotation  from 
Fourier,  which  clearly  points  out  that  our  knowledge  of  the 
ultimate  principles  upon  which  Nature  depends  is  far  too 
imperfect  for  us  to  proceed  any  distance  without  continual 
reference  to  experiment  for  verification  and  enlightenment.  It 
is  very  remarkable  how  quickly  the  doctrine  of  the  equivalence 
of  heat  and  energy  spread  after  Joule's  measurements.  The 
old  caloric  theory  had  really  been  disproved  absolutely  by 
Kumford  and  Sir  Humphrey  J)dLyy  in  the  beginning  of  the 
century,  and  yet  it  survived  until  after  1850.  It  took  more 
than  a  himdred  years  to  break  through  the  authority  of 
Newton  in  physical  optics,  but  within  ten  years  after  Joule's 
experiments  the  equivalence  of  heat  and  energy  was  practic- 
ally universally  acknowledged.  In  Britain  tliis  was  certainly 
largely  due  to  the  immense  influence  exerted  by  the  genius 
of  Lord  KeMn.  He  seized  the  great  idea,  worked  out  its 
ramifications  into  all  the  corners  of  physical  investigations, 
and  forced  it  on  the  scientific  world.  In  a  similar  way  he 
expounded  and  amplified  the  second  law  of  thermodynamics. 
Even  before  he  saw  clearly  how  to  reconcile  Carnot's  con- 
clusions with  Joule's  experiments,  he  extended  Carnot's  work 
by  founding  on  it  an  absolute  scale  of  temperature.  He  saw 
clearly  that  there  must  be  a  reconciliation  possil^le,  and  worked 
away  at  the  truth  on  both  sides  nothing  doubting.  ^Vhen  the 
reconciliation  was  discovered  he  redoubled  his  energy  and 
refounded  all  his  former  work  on  the  new  foundation,  while 
he  leaped  onwards  and  propounded  the  general  theorem  of 
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the  ultimate  degradation  of  energy,  and  b^an  his  great  battle 
with  the  uniformitarians  of  the  time  who  were  proclaiming 
everywhere  that  there  was  no  evidence  in  Nature  of  any 
beginning  or  ending  of  our  system.  On  the  one  side  Lord 
Kelvin  investigated  the  heat  of  the  Earth  and  the  variations 
of  its  temperature  downwards,  and  deduced  therefrom  a  quite 
moderate  antiquity  for  this  globe,  while  on  the  other  he 
showed  that  the  Sun  himself  must  die  and  our  whole  system 
perish  in  night. 

The  rapid  acceptance  of  the  two  laws  of  thermodynamics 
is  unquestionably  due  largely  to  Lord  Kelvin's  genius  and 
energy  in  extending  them  to  the  whole  range  of  thermo- 
dynamics, to  elasticity,  electricity,  magnetism,  etc.,  and  this 
is  made  doubly  evident  by  considering  what  happened  in  an 
isolated  district  to  which  his  influence  hardly  extended.  Down 
to  the  year  1875,  in  Dublin  the  acceleration  of  gravity  was 
called  a  force,  and  the  second  law  of  thermodynamics  was 
unknown.  Only  for  Lord  Kehin  this  might  almost  have  been 
the  c€ise  all  over  Britain.  When  Sir  Humphrey  Davy  was 
unable  to  break  through  the  caloric  theory  notwithstanding 
his  extraordinary  reputation,  the  rapidity  with  which  it  was 
broken  by  Joule  and  Thomson  is  doubly  remarkable  and  is 
an  eternal  tribute  to  their  power. 

Of  all  Lord  Kehin's  work,  that  for  which  he  is  probably 
best  known  is  his  electromagnetic  work.  His  methods  of 
treating  electricity  and  magnetism  have  permeated  all  modem 
investigations.  His  instruments  are  used  in  innumerable 
departments  of  modern  research.  lu  two  special  directions 
his  influence  has  been  specially  felt — in  the  development  of 
the  practical  measurement  of  electric  and  magnetic  magnitudes, 
and  in  the  development  of  submarine  telegi*aphy. 

When  Lord  Kehin  began  working,  his  intense  desire  for 
concrete  realisation  of  everything  he  dealt  with  led  him  to 
require  a  numerical  measure  of  electric  and  magnetic  quantities. 
Weber  had  shown  how  this  was  possible,  but  still  it  was 
not  attained  by  workers  in  electromagnetics.     Each  observer 
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quoted  his  own  galvanometer,  or  his  own  battery,  or  his  own 
copper  or  iron  or  platinum  wire.  Such  and  such  an  action 
"  produced  5  scale  divisions  on  my  galvanometer."  "  My 
electromagnet  was  wound  with  200  turns  of  fine  wire  and 
excited  by  20  cells  of  Callan's  battery."  Such  are  the  only 
hints  obtainable  of  what  quantities  were  being  dealt  with. 
There  was  no  real  attempt  to  reduce  the  observations  to  any 
common  numerical  scale.  The  distinction  even  between  such 
essentially  diverse  quantities  as  current  and  voltage  was  very 
hazy  indeed;  much  the  same  sort  of  haziness  existed  with 
reference  to  them  as  at  present  puzzles  unfortunate  students 
of  magnetism  in  reference  to  magnetic  force  and  magnetic 
induction,  which  are  spoken  of  as  if  they  were  quantities  of 
the  same  kind — an  indigestible  muddle  that  the  practical  elec- 
trician has  fortunately  thrown  up,  and  framed  for  himself  a 
solid  digestible  theory  of  the  magnetic  circuit.  Authorities 
spoke  of  quantity-currents  and  intensity-currents  as  if  they 
were  two  utterly  distinct  kinds  of  current,  one  of  which 
produced  heat  and  the  other  shocks.  No  accurate  ideas  were 
current  as  to  the  relations  between  energy  and  electromagnetic 
quantities.  All  this  muddle  was  intolerable  to  Lord  Kelvin. 
If  there  was  one  thing  more  than  another  he  objected  to,  it 
was  to  indistinct  physical  conception  and  to  the  consequent 
impossibility  of  numerical  measure.  To  him  and  to  others, 
but  in  a  very  large  degree  to  him,  is  due  the  international 
system  of  electromagnetic  measures  that  exists  as  one  system 
in  all  civilized  nations.  It  is  almost  impossible  to  over-estimate 
the  value  of  such  a  system,  coupled  as  it  has  been  with  accurate 
and  easy  methods  of  making  the  measurements.  All  who  have 
studied  the  histoiy  of  the  steam-engine  know  the  rapid  strides 
with  which  improvement  progressed  after  Watt  introduced 
his  method  of  measuring  the  power  of  an  engine.  The  rapid 
advances  and  improvements  that  have  been  made  in  the 
applications  of  electromagnetic  energy  are  largely  due  to  the 
great  ease  of  electromagnetic  measurements,  and  this  great  ease 
is  largely  due  to  Lord  Kelvin's  influence  in  providing  a  scientific 
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system  of  units  and  to  his  inventive  genius  in  providing  aocu- 
rate  and  convenient  measuring  instruments  and  methods  of 
measurement.  One  characteristic  of  his  instruments  may  be 
worth  noting  as  an  evidence  of  his  power,  and  will  be  appreciated 
by  all  who  have  experience  of  scientific-instrument  makers.  It 
is  that  he  has  been  able  to  impress  his  own  ideas  on  these 
makers,  and  has  forced  them  to  depart  from  their  beloved 
methods  of  fixing  everything  as  in  a  vice  and  of  destroying  all 
certainty  of  adjustment  by  wrenching  everything  with  gripping 
screws.  To  Lord  KelWu  is  certainly  due  the  merit  of  intro- 
ducing rational  constraints  in  scientific-instnmient  making, 
and  it  requires  as  much  determination  and  ability  to  force  a 
British  workman  out  of  his  grooves  as  to  get  the  Admiralty  to 
accept  a  new  form  of  compass. 

Between  1840  and  1850  telegraphy  advanced  very  rapidly. 
One  expression  of  those  days  shows  how  entirely  electric  tele- 
graphy has  superseded  all  other  methods  of  communicating 
by  distant  signals.  Newspaper  paragraphs  were  then  headed 
"  By  Electric  Telegraph."  Nobody  nowadays  talks  of  Electric 
Telegraphs.  There  is  no  need  of  the  "  Electric."  There  are 
no  other  telegraphs  now.  After  1850,  submarine  telegraphs 
became  of  importance  and  were  rapidly  extended  from  the 
narrower  to  the  wider  channels.  Attention  was  early  directed 
to  the  impossibility  of  reading  signals  succeeding  one  another 
rapidly  through  these  submarine  cables.  A  good  deal  of  con- 
fusion arose  as  to  the  nature  of  this  delay  in  signalling.  It  was 
mixed  up  with  the  question  as  to  the  time  taken  by  the  signal 
to  reach  the  far  end  of  the  cable.  A  mere  delay  in  time  would 
not  have  been  of  serious  importance ;  even  though  a  signal  took 
an  hour  to  reach  America,  it  would  have  been  quite  unimportant 
if  it  had  been  legible  when  it  did  reach  its  destination.  Lord 
Kehan  quite  early  in  the  discussion  clearly  pointed  out  the 
conditions  that  determined  the  possible  rapidity  of  signalling. 
He  showed  that  under  ordinary  circumstances  of  signalling  the 
resistance  and  capacity  of  the  cable  were  of  primary  import- 
ance, and  that  self-induction  was  of  a  very  secondary  importance 
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unless  when  the  cable  was  coiled  up  on  board  ship;  and  he 
propounded  the  law  of  squares,  as  it  got  named,  expressing  the 
speed  of  signalling  in  cables  of  difiFerent  lengths.  This  question 
of  speed  of  signalling  was  of  vital  importance  in  respect  of  long 
cables,  and  was  hotly  discussed  in  reference  to  the  then  being 
proposed  Atlantic  cable.  In  1855  Lardner  writes  of  this  pro- 
ject:  "The  sanguine  consider  the  project  practicable,  and  its 
speedy  realization  probable  ;  the  phlegmatic  notice  it  only 
with  ridicule ;  men  of  science  generally  admit  the  possibility 
of  the  enterprise;  while  men  of  finance  more  than  doubt  the 
possibility  of  a  remunerative  result."  As  these  latter  really 
controlled  the  situation,  and  as  the  remunerative  result  entirely 
depended  on  how  many  messages  could  be  sent  through  the 
cable  per  day,  •  the  whole  possibility  of  the  Atlantic  cable 
centred  round  this  question.  Mr.  AATiitehouse,  who  was  in- 
tensely enthusiastic  in  his  belief  m  the  success  of  the  enterprise, 
fought  manfully  against  the  law  of  squares,  belie\ang  that 
if  this  law  were  true  Atlantic  telegraphy  was  practically 
impossible.  He  published  most  interesting  results  of  experi- 
ments of  cables  made  with  an  apparatus  in  which  iron  was 
magnetized  by  sudden  discharges  from  an  induction  coiL  An 
interesting  revival  of  this  method  has  been  recently  employed 
in  Cambridge  for  studying  the  still  more  rapid  Hertzian 
radiations.  These  results  seemed  quite  inconsistent  \iith  the 
law  of  squares,  and  although  he  was  unable  to  find  any  flaw 
in  Lord  Kelvin's  reasoning,  he  stated  that  he  did  not  believe 
in  the  law  of  squares,  and  said  that,  if  it  were  true,  sub- 
marine telegraphy  across  the  Atlantic  would  be  impossible. 
"  I  can  only  regard  it  as  a  fiction  of  the  schools,  a  forced  and 
violent  adaptation  of  a  principle  in  physics,  good  and  true  under 
the  circumstances,  but  misapplied  here."  To  this  Lord  Kelvin 
replied  by  reiterating  the  validity  of  the  law  of  squares,  and  by 
showing  that  the  experiments  quoted  confirmed  the  law  they 
appeared  at  first  sight  to  disprove.  In  the  midst  of  this  contro- 
versy the  Atlantic  cables  of  1857  and  1858  were  laid.  The 
failure  in  laying  the  first,  and  of  the  insulation  of  the  second 
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after  being  laid,  gave  rise  to  immense  controversy,  but  the 
possibility  of  laying  a  cable  and  of  telegraphing  through  it 
was  conclusively  proved  Notwithstanding  Mr.  Whitehouae's 
remarks  about  the  law  of  squares,  Lord  Kelvin  had  all  along 
maintained  that  the  law  was  true  and  that  Atlantic  tel^^phy 
was  possible.  His  investigation  of  the  speed  of  signalling  had 
convinced  him  that  the  methods  employed  were  going  in  the 
wrong  direction.  In  the  1858  cable  large  induction  coils  pro- 
ducing an  electromotive  pressure  of  perhaps  2000  volts  had 
been  employed,  and  the  failure  of  the  cable  had  been  attributed 
largely  to  this  excessive  pressure.  Eecent  experience  of  high- 
pressure  transformed  oscillating  currents  would  confirm  this. 
Lord  Kelvin  advocated  an  entire  revolution  in  all  this.  He 
introduced  the  reflecting  galvanometer,  with  its  tiny  magnet 
suspended  by  a  single  fibre  of  silk,  and  with  its  beam  of  light 
to  record  its  movements.  He  showed  that  the  conditions  for 
rapid  signalling  consisted  in  being  able  to  observe  the  first 
beginnings  of  the  current  at  the  far  end,  and  devised  the 
reflecting  galvanometer  and  subsequently  the  siphon  recorder 
for  this  purpose.  As  has  been  stated  by  a  recognized  authority, 
"the  siphon  recorder,  with  its  shifting  zero,  was  supremely 
indifferent  to  the  vagaries  of  the  current  which  were  so 
destructive  of  intelligible  marks  in  a  dot  and  dash  instrument" 
As  a  consequence  of  these  drastic  innovations  subsequent  long 
cables  were  worked  with  electric  pressures  of  a  few  volts,  and 
the  rapidity  of  signalling  enormously  increased.  Thus  it  was 
that  long-distance  submarine  telegraphy  became  financially 
successful  and  consequently  possible.  Continental  authorities 
on  submarine  telegraphy  agree  with  British  authorities  in  the 
belief  that  Lord  Kelvin's  instruments  have  rendei^ed  long- 
distance submarine  telegraphy  practicable.  These  instruments, 
which  rapidly  revolutionized  submarine  telegraph  practice,  were 
the  result  of  Lord  Kelvin's  study  of  the  theory  of  signalling  in 
cables,  and  are  a  notable  example  of  an  invention  founded  on 
abstruse  theoretical  investigations.  Of  the  actions  that  take 
place  in  cables  an  acknowledged  authority  writes :  "  Some  of 


1 896]  Lord  Kelvin* s  Researches  417 

these  effects  have  been  known  and  understood  from  the  earliest 
times,  or  more  correctly  since  the  time  when  William  Thomson 
taught  telegraph  cable  engineers  the  principles  of  their  business 
(in  its  electrical  aspects)  and  to  a  great  extent  the  practice 
too." 

Of  the  living  it  is  hard  to  write  as  to  their  personal 
characteristics.  Everybody  who  has  directly  or  indirectly 
been  brought  into  contact  with  Lord  Kelvin  has  felt  the 
influence  of  his  single-minded  enthusiasm  for  truth,  his  intense 
sincerity  and  sympathetic  encouragement.  Can  a  higher  tribute 
be  paid  to  character  than  to  describe  it  as  truthful,  sincere, 
and  sympathetic  ? 

Are  we  not  then  right  in  celebrating  enthusiastically  the 
jubilee  of  such  a  one  ?  He  has  provided  us  with  noble  and 
magnificent  ideas  as  to  the  past  and  as  to  the  future,  as  to  the 
indefinitely  great  and  the  indefinitely  small  He  has  advanced 
civilization  by  making  the  all-pervading  ether  available  for  our 
use,  by  enabling  us  to  measure  its  properties,  and  by  teaching 
us  how  to  lay  the  nerves  of  civilization  in  the  depths  of  the 
oceans.  He  has  helped  to  unify  humanity,  to  modify  competi- 
tion by  co-operation,  to  push  forward  the  federation  of  the 
world. 


ai 
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ON  THE  LONGITUDINAL  COMPONENT  IN  LIGHT 

[From  the  Philoiophieal  Magazin§^  September,  1896.] 

Ik  most  investigations  on  the  propagation  of  light,  attention 
has  been  concentrated  on  the  transverse  nature  of  the  vibra- 
tion. Longitudinal  motions  have  been  relegated  to  the  case 
of  pressural  waves,  and  investigators  have  devoted  themselves 
to  separating  the  two  as  much  as  possible.  In  Sir  Greorge 
Stokes's  classical  paper  on  DifiFraction,  and  in  Lord  Kelvin's 
Baltimore  Lectures,  the  existence  of  a  longitudinal  component 
is  mentioned ;  but  it  is  mentioned  only  to  show  that  it  is 
very  small  and  that  the  motion  is  mostly  transverse.  Now 
the  longitudinal  component  is  no  doubt  generally  small, 
except  in  the  immediate  neighbourhood  of  a  source;  but 
it  by  no  means  follows  that,  as  a  consequence,  the  actual 
direction  of  motion  is  transverse  at  all  points  in  a  wave. 
In  every  complicated  wave  there  are  points  and  often  lines 
along  which  the  transverse  component  vanishes,  and  at  all 
these  places  the  small  longitudinal  component  may  be,  and 
often  is,  of  great  relative  importance,  so  that  the  actual  motion 
is  largely  in  the  direction  of  wave-propagation  at  these  places. 

L  The  simplest  case  is  that  of  a  simple  oscillator  whose 
theory  has  been  completely  worked  out  by  Hertz.  There 
are  two  kinds  of  oscillator,  an  electric  and  a  magnetic  one. 
They  are  exactly  complementary,  the  magnetic  forces  in  one 
corresponding  exactly  with  the  electric  forces  in  the  other. 
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If  the  oscillator  be  taken  as  an  electric  one  parallel  to  z^ 
we  have  for  the  components  of  the  vector  potential  ' 

T 

and  the  components  of  the  electric  force,  which  are  in  general 
P.^T-g,    Q.^.G-|.     E.^-H-f, 

where  j-^     ^     ^ 

dx       dy       dz* 
become  in  this  case 

dzdx'  dzdy'  da?       dy^ 

It  is  particularly  to  be  observed  that  P  and  Q  arise  entirely 
from  J,  which  was  dismissed  by  Maxwell  as  not  coming  into 
considemtion  in  cases  of  wave-propagation  on  account  of  there 
being  no  varying  electrification.  This  is  true  as  regards 
propagation,  but  not  at  all  as  regards  origination.  In  all 
cases  of  origination  we  have  to  do  with  conduction,  or  its 
equivalent  convection,  and  in  most  such  cases  we  have 
changing  electrification  which  brings  in  the  J  term. 
The  longitudinal  component  at  each  point  is 

X  •      y  '      z  '       2z  1       

<r«-P  +  -Q  +  -R=  —  (q  sin  pt  -  gr  -  "  cospt  -  jr)  • 

This  is  no  doubt  very  small  at  a  distance  from  the  oscillator, 
compared  with  the  transverse  component  which  involves  -, 

T 

and  in  consequence  the  motion  is  transvei*se  at  most  places. 
On  the  axis  of  z,  however,  the  transverse  component,  which 
is  proportional  to  p  the  distance  from  the  axis,  vanishes 
entirely.  Hence  along  the  axis  there  is  a  beam  of  purely 
longitudinal  vibration,  of  no  doubt  small  amplitude,  but 
nevertheless  existing  necessarily  in  order  that  there  may  be 
no  compressions.  This  all  appears  on  the  face  of  Hertz's 
investigation.  He  carefully  studied  the  forces  as  represented 
by  the  above  equations,  and  has  plotted  them  and  shown  that 

a  s  2 
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they  represent  a  series  of  whirl-rin^  thrown  off  from  the 
oscillator  and  growing  gradually  thinner  and  thinner  until  at 
a  distance  the  rings  become  nearly  plane  waves,  and  the 
opposite  udes  beii^  always  a  half  wave-length  apart  ara  the 
two  opposite  phases  of  the  wave.  The  accompanying  diagraio 
ronghly  represents  this  state  of  affairs.  It  is  evident  on  the 
moat  cursory  consideration  that  these  waves  must  have  a 
longitudinal  region.*  The  lines  of  force 
in  any  one  wave  are  up  to  the  axis  aloi^ 
any  one  spherical  surface  all  round  ; 
and  if  there  is  not  to  be  concentration 
anywhere,  ix.  if  there  is  no  electrifica- 
tion of  the  medium,  they  must  torn 
ronnd  and  be  continuous  with  the  re- 
turn phase  of  the  wave.  The  reason 
why  they  are  so  feebly  concentrated 
in  this  return  r^on  is  because  it  is  so 
enormously  extended.  If  the  wave- 
length be  small  compared  with  the  dis- 
tance from  the  origin,  the  flows  up  and 
down  along  the  equator  are  very  close 
to  one  another  and  consequently  the 
force  is  concentrated ;  while  this  same 
force  as  concentrated  within  a  wave-length  has  the  whole 

[*  That  ii,  wbea  theatre  coniidered  u  traTellmgout  isdially from  the  Tibntor. 
In  •  more  minute  loalyaii  thao  u  contemplated  in  thii  paper,  the  vhirl-ringt 
•bore  deKribed  are  themseWes  the  pbyiical  TaTe-tronta,  theit  motion  iriiing  from 
the  lurface  of  each  one  tTavelling  at  each  point  in  the  direction  normal  to  itielf 
with  the  Tclocitj  of  radiation, — outwardi  or  inward*  according  to  tltaKreir-TeUtion 
between  the  directiona  of  the  electric  and  magnetic  Tectora  which  both  Lie  klong  the 
■urface.  These  vectors  are  thus  at  each  point  both  whoU;  traniTene  to  the  direr- 
tion  of  propagation.  When  one  of  these  whirl-tings  haa  been  completely  formed 
and  brolien  off  from  the  vibrator,  the  energy  cootained  in  it  can  be  coniidered  u 
thereafter  isolated  and  travelling  out  with  the  Hog  :  for  Poynting't  theorem  giTes 
sn  energy-flux  acmsi  (be  surface,  supposed  for  the  moment  fixed,  which  is  just 
(ufflcient  to  fill  up  with  energy  the  space  left  vacant  by  tbe  receding  ring  carrying 
it!  own  energy  along  with  ft.  The  same  considerations  regarding  the  initiation  of 
Um  ndlaUon  an  alto  applicable  to  more  complex  types  of  maintained  TibrUon.] 
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hemisphere  to  return  in,  and  so  the  longitudinal  concentration 
is  quite  small,  and  that  is  what  is  represented  by  the  small 
value  of  the  longitudinal  component  at  any  point.  The  total 
quantity  of  longitudinal  component  must  be,  on  the  whole, 
equal  to  the  transverse  component  at  the  equator. 

n.  In  the  case  of  several  simple  oscillators  oriented  in 
different  directions  the  resultant  vector  potential  can  be 
represented  by 

^^^cos(y^-gr)  ^ysm(pf-gr) 

r  r        * 

where  IJ  and  V  are  vectors  at  right  angles  to  one  another. 
The  effect  is  the  same  as  if  two  opposite  electrons  were  moving 
on  opposite  sides  in  an  elliptic  orbit  whose  plane  was  that  of 
TJ  and  V  and  whose  axes  were  these  two  lines. 

It  is  interesting  to  observe  that  this  case,  coupled  with  a 
slow  rotation  of  the  ellipse  which  would  be  produced  by  almost 
any  small  disturbing  force  in  its  plane,  has  been  shown  by 
Dr.  Stoney  to  be  a  sufficient  cause  for  the  double  lines  in 
spectra  which  are  so  common  and  which  are  familiar  to  every- 
one in  the  double  sodium  line. 

If  the  directions  of  U  and  V  be  taken  as  those  of  x  and  y, 
and  z  be  taken  perpendicular  to  the  plane  of  this  ellipse,  we 
may  take 

j._       cos(^£-9r)      ^_      8in(p<-gr)     g.^ 

r  r 

and  we  get  a  sort  of  corkscrew  wave  with  a  longitudinal 
component  which  can  be  represented  by 

a  «  — r?  (L  cos  (2?^  -  gr  +  /)), 

where  ^  is  the  angle  between  r  and  z,  and  L  and  I  are  functions 
of  Fo,  Go,  r,  0,  and  q. 

This  component  vanishes  along  the  axis  perpendiculai  to 
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the  plane  of  the  ellipse,  and  is  a  maTrimnm  in  this  plane.  If 
F« «  Go,  this  simplilSes  to 

^-— ?  |2j8in(jp^- jr-fl)  +  -  co8(^-jr-0)|  • 

This  case  is  rather  interesting,  as  being  the  form  of  magnetic 
wave  that  is  thrown  off  into  space  by  the  rotation  of  each  of 
the  Earth's  magnetic  poles. 

The  more  complex  wave  thrown  out  by  the  Earth  with  its 
two  magnetic  poles  comes  under  the  next  head ;  but  it  is  waves 
of  this  type  which  must  be  thrown  oflF  by  the  planets  rotating 
round  the  Sun,  if  they  are  electrified,  and  by  their  gravitating 
property  if  gravitation  be  propagated  in  the  same  way  as 
electromagnetic  disturbances. 

III.  We  can  produce  any  desired  combination  of  complex 
doublets  by  operating  on  a  simple  doublet  with  a  function 

of  ( -7-,  -r-,  -T-l    The  typical  term  of  such  a  function  may  be 


taken  as 


If  we  write 


\dx)  \dy)  \dz)  "  *• 


cos(o^  -  or) 


we  get  as  a  typical  case, 

F-8u,    G-H«0. 

Also,  remembering  that  A'?^  +  ^u=  0,  we  have  for  the 
electric  force  corresponding  to  this  typical  case  of  a  vector 
potential, 

"     ^  dx*'  dxdy  dxdz 

Now  this  operation  will  introduce  all  sorts  of  powers  of  -  and 

T 

of  J,  and  I  only  want  to  calculate  the  principal  term  in  the 
longitudinal  component.  In  making  this  approximation  we 
may  simplify   the  calculation  by  obser\'ing  that  the  largest 


18963  Longittiduial  Component  in  Light  423 

terms  are  always  due  to  diJDferentiations  with  respect  to  the 
circular  part  of  n,  and  that  differentia^tioii  with  respect  to 
X,  y,  2  or  r  lowers  a  term  by  one.  We  may  then  leave  out  all 
diflferentiation  with  respect  to  coordinates  outside  the  circular 
part  in  terms  of  the  second  order,  and  it  is  well  to  reduce 
the  diEferentiations  represented  by  S  so  as  to  produce  terms 

#  ^i_    1.        t^  cos  Vpt  -or)      ,  «,  sin  {vt  -  of)     ^ . 
of  the  form  8  — ^ — ^  and  8 — ^ — ^^-    Of  course  it  very 

r  r 

much  simplifies  calculation  to  use  the  typical  form  t^  for  the 
circular  functions. 

We  thus  get  for  the  values  of  the  components  of  electrio 
force  to  the  second  order* : — 


p  «  _  g^t-^  g  cos£r-_gr 
^      r*  r 


-?jl  +  2a-25(«  +  /3  +  Y+i))s?i^^. 


Q=  j»^     coapi-qr 


-l[^h^l-^'^i-^^^y^i)]^^^^^ 


XZ 


R  -  fl»  ^  ;}  cos  j?<  -  qr 


In  this  form  it  is  evident  at  once  that  the  highest  terms  vanish 
in  the  longitudinal  component 


r         r         r 


-  -  ^  {« (y*  +  «0  -  (0  +  y  +  2)  a?} S  ?i^£lzi!: . 

[*  The  yalues  of  P,  Q,  B,  o*  are  here  printed  as  re-calculated  by  Pn»L 
The  quartic  cones  mentioned  on  p.  424,  orer  which  i  Tanishes,  shoidd  therefore  be 
aimple  quadric  cones.] 
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In  order  to  get  this  we  have  to  observe  that,  when  applied  to 
the  circular  part  only, 


(?)W(?)' 


Any  particular  typical  term  of  this  order  vanishes  over  the 
quartic  cone  given  by  the  coefficient  of  8  — ~ ^  • 

T 

This  is  the  cone  of  intersections  of  the  systems  of  spheres 

with  the  cubics 

O{a?(l-/3-7)  +  a(y»  +  «»))-aic*(y  +  «)+j^|(a+0  +  2y.|)a:+/3y} 

In  the  particular  case  of  a  series  of  end-on  vibrators  for  which 
/3  «  7  »  0,  this  cubic  breaks  up  into  the  plane  a:  -  0  and  the 
quadric  cone 

In  every  case  the  quartic  cone  intersects  every  plane 
perpendicular  to  the  axis  of  x  in  a  bieircular  quartic. 

In  the  case  of  a  complex  oscillator  whose  components  are 
not  all  parallel  to  the  axis  of  x,  as  in  the  case  just  studied, 
the  longitudinal  component  will  vanish  to  this  order  over  a 
quartic  cone  so  long  as  we  confine  ourselves  to  a  typical  term  S. 
This  cone  is  of  the  form 

+  02*  (a;  +  y)  +  /y'g'  +  msM  +  ru^'f  +  xyz  (pa:  +  jy  +  r»)}. 

In  general  it  is  quite  evident  that  the  motion  along  the  radius 
does  not  vanish. 

On  considering  the  general  case,  we  may  observe  that  if 
the  diflferentiations  involved  in  8  are  such  that  for  every  term 
a  +  /3  +  7  is  either  even  or  odd,  then  there  will  be  a  complex 
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surface  all  over  which  the  normal  component  will  vanish  to 
the  second  order  of  small  quantities  ;*  but  that  if  a  +  /3  +  7  be 
even  in  some  terms  and  odd  in  others,  we  shall  have  h  of  the 
form 


A  =  U  cos  />^  -  yr  +  V  sin/>^  -  jr, 

and  this  will  only  vanish  to  this  order  over  the  curve  of  inter- 
section of  U  -  0  and  V  «  0. 

rV.  If  we  now  consider  the  case  of  diffraction  through  a 
narrow  aperture,  it  is  simpler  to  take  the  case  of  the  electric 
displacement  of  the  incident  wave  as  parallel  to  the  edges. 
In  this  case  the  electric  force  is  everywhere  parallel  to  the 
edge,  and  consequently  its  longitudinal  comi)onent  everywhei-e 
vanishes.  On  the  other  hand  the  magnetic  force  is  perpendi- 
cular to  the  slit,  and  has  a  longitudinal  component  everywhere 
except  in  the  plane  through  the  slit  perpendicular  to  the  wave- 
face.  In  considering  the  more  complicated  case  of  the  electric 
displacement  being  perpendicular  to  the  slit,  it  is  necessary  to 
take  account  of  the  nature  of  the  edges,  whether  they  are  non- 
conductors or  conductors,  whether  they  are  crystalline,  and  so 
forth,  because  their  electrification,  etc.,  must  come  into  consider- 
ation. Similarly,  in  the  case  of  the  electric  displacement  being 
parallel  to  the  slit,  the  magnetic  properties  of  the  edges  may  be 
important.  In  this  case,  too,  their  conductivity  influences  the 
eflfective  width  of  the  slit,  as  is  evidently  the  case  when  we  are 
dealing  with  wire  gratings  in  the  path  of  the  Hertzian  radi- 
ations. These  questions  are  involved  in  a  complicated  way  in 
the  whole  discussion  of  the  effect  of  a  grating  on  the  plane  of 
polarization  of  the  incident  light.  I  will  take  the  simple  case 
of  a  slit  bounded  by  obstacles  which  completely  stop  all  action. 
Although  such  do  not  exist,  very  close  approximations  to  them 
do  exist. 

If  we  take  the  slit  as  parallel  to  2,  and  make  this  axis  the 
centre  of  the  slit,  and  assume  the  phase  the  same  all  over  the 

[*  1. 1,  to  the  second  higher  power  of  r^  as  compared  with  the  transrerse 
component.] 
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slit,  we  have  for  the  vector  potential  at  a  point  x^  y^  0,  doe 
to  any  line  of  the  alit  at  a  distance  y  from  its  centre, 


Jo  ^ 


where 

r*  -  ^o'  +  (yo  -  yf  +  «•. 

Integrating  this  for  the  width  of  the  slit,  i.e.  from  +  &  to  -  6, 
we  get  for  the  complete  value  of  the  vector  potential 


jj_2H.[TS2i^d,dy. 


When  we  are  dealing  with  the  case  of  ft  being  a  small 
quantity  we  may  take 


and  we  have 

'**cos»^  -QT  ^        .,        ..      ^,        -. 

But 

cos  (j>t  -  qr) 


\dy\  " 


^u, 


T 

and  when    y  «  0    is  put  in, 

^  -  ^0'  +  yo'  +  2;*  =  p'  +  «*. 

therefore  2^rfy=  2  &2^  +  — -^r-^r -r-r  +  ... l 

J-6     ^       V        1.2.3  rf/        / 

If  we  now  integrate  with  respect  to  «  we  get 

H.2H.|;|;;„i„&.4H.(i|;.rf..  ,-1-3 1|>-..) 

Now      vdz  is  a  function  of  p  only,  and  is  a  Bessel  function 
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that 

we 

can 
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H« 

4H 
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4F 
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h 

jldJ 
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subject  to  the  equation 

<?J     lAT     ^^     ^ 

By  means  of  the   differential   equation  we  may,  of  course, 

express  aU   the  differentials  of  J   in  terms  of  J  and  ~. 

We  may,  however,  simplify  matters  very  much  in  the  ordinary 
case  of  light  by  observing  that  q  is  generally  a  very  large, 
number,  so  that  terms  involving  its  powers  are  large.    Keeping 

to  these  we  see  that    ji  =  -  j' J,    and  that  the  highest  term 

(qy\ 

I —J  J.    Using  these  teiins  only,  we  get 

«-«^('-rl:3(?J--) 

8in*«^ 

«4HJ i..4H^&?Ei,  if     ,„% 

^  «  9 

P 

Without  going  into  the  question  as  to  the  best  series  to 
express  J  by,  it  is  evident  from  its  integral  form  and  from 
the  dynamics  from  which  it  is  derived  that  it  must  represent 
a  wave-propagation.  In  fact  by  integrating  by  parts  it  could 
be  expanded  in  the  form 

J  =  Ji  cos  (jp^  -  qp)  +  Jj  sin  (jpt  -  qp). 

In  any  case  we  can  see  that  for  any  constant  value  of  p,  H 
passes  through  a  series  of  values  giving  the  alternate  lights 
and  darks  on  a  screen  illuminated  by  a  narrow  slit 
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Consideruig  now  the  magnetio  force,  we  have 

and  hence  the  loogitudinal  magnetio  component 

dR  X     dBL  y 
dy   p     dx   p 

From  this  it  is  evident  that  in  every  such  case  m  «  0  so  far 
as  H  is  a  function  of  p  only.    Thus  we  get 

j.„  ^Vq  2;cco8c-sinf 
p   p         e 

This  shows  that  m  does  not,  in  general,  vanish,  but  has  alterna- 
tions of  value  like  H.  The  tangential  component  has  for  its 
most  important  term 

.--  (2J  sin  f 


dp     c 


It  is  evident  that  this  longitudinal  displacement  is  necessary 
at  the  edge  of  the  beam  in  order  to  prevent  any  concentration 
of  the  magnetic  force.  So  far  as  our  a  priori  knowledge  of 
pure  ether  is  concerned,  there  seems  no  sufficient  reason  for 
not  supposing  a  concentration  of  magnetic  force  just  as  probable 
as  one  of  electric  force.  It  would  certainly  complicate  our 
equations  very  much  to  suppose  both.  If  both  existed  we 
might  have  two  kinds  of  pressural  waves,  one  a  wave  of  electric 
condensation  and  rarefaction,  and  the  other  a  wave  of  magnetic 
condensation  and  rarefaction. 

It  is  quite  evident  from  all  these  cases  and  from  general 
considerations  that  the  edge  of  every  beam  of  light  is  bordered 
by  a  region  where  there  are  longitudinal  vibrations  taking 
place. 

V.  As  a  final  example  I  take  the  case  of  a  series  of  slits 
forming  an  optical  grating. 
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In  this  case  the  simplest  supposition  is  to  assume  that  the 
opacity  of  the  grating  varies  in  a  simply  periodic  manner. 
This  leads  to  the  same  sort  of  equation  for  H  as  in  the  last 
case»  except  that  the  intensity  in  each  line  is  proportional  to 

(1  +  cos  /y),  where  /  »  —  and  «  is  the  interval  between  the 

lines. 

This  leads  to  the  integral 

where  r*  =  a:©'  +  (yo  -  yf  +  «"• 

Now,  from  general  considerations,  it  is  evident  that  it  must 
be  possible  to  expand  this  in  terms  of  cos  ly  by  Fourier's 
theorem,  so  that 

H  =  Ao  +  A,  cos  ly  +  At  cos  2/y  +  A,  cos  3/y  +  . . . 

Observing  then  that  H  being  a  function  of  Xo  and  y©  only 
satisfies  the  equation 

^H     dUS.     ^„     ^ 

we  get  that  in  ge;ieral 

80  that 

A»  »  Hn  cos  v/j*  -  uTa?, 

so  long  as  n/  is  <  ; ;  and  when  71Z  is  >  j' 
as  the  value  cannot  increase  to  infinity* 

[*  t.  #.  as  tn/ra,  no  radiation  of  ware-length  greater  than  the  interral  between 
the  lines  can  penetrate  across  anj  uniform  grating  so  as  to  form  a  spectrum.  At  a 
grating  composed  of  conducting  wires,  the  component  of  electric  radiation  which 
has  its  alternating  electric  force  directed  along  the  wires  is  in  atf  tout  whdlj 
stopped,  because  the  impossibility  of  the  existence  of  finite  electric  force  in  the 
wires  themselves  preyents  such  a  purely  longitudinal  field  of  force  from  penetrating 
into  the  spaces  between  them.] 
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We  thus  get  the  general  form  for  H, 

H-HoC08(pt- j«)  +  Hi  cos /y  cos  (p^  -  y^  j*  -  /"«)  -I- . . . 

+  Hi»  cos  iJLy  cos  {fi  -  y/j'  -  n'/lc)  + . . . 

+  H«  cos  wly  e-^"»* '■-«■»  cos  j9^  +  .  • . 

It  would  appear  from  this  that  at  the  surface  of  the  grating, 
where  «  «  0  when  ^  =»  0, 

H«Ho  +  HiCos/y  +  ...  +  H|iCos  mly  +  . . . 

It  would  consequently  seem  that  this  must,  in  general, 
represent  the  distribution  of  opacity  at  the  grating,  and  that 
in  the  case  of  a  simply  periodic  distribution  the  general  form 
of  H  would  be 


H  =  Hocos(p^-  53;)  +  Hi  cos /y  COB  (p^  - ->/j*  -  Pa). 

We  thus  get  an  interesting  form  for  the  double  integral  for  H. 
The  magnetic  force  to  be  calculated  from  this  is 

dH  rfH 

and  consequently 

a  «  -  /Hi  sin  ly  cos  {yt  -  -v/^'  -  ^x\ 


/3  =  ^Ho  sin  ['pt  -  q^)  +  v/^'  -  /'H,  cos  ly  sin  (p^  -  v/^*  -  Px). 

In  this,  a  is  the  longitudinal  component  of  the  magnetic 
force.  This  represents  a  series  of  waves  being  propagated 
away  from  the  grating,  together  with  a  series  of  elliptic  whirls 

whose  length  is  ^  and  breadth  —^Z=^,     The  length  is  the 

same  as  the  width  of  the  lines  of  the  grating,  and  the  breadth 

2ir 

somewhat  greater   than   the  length  of  a   wave  =  —    It  is 

especially  obvious  in  this  case  that  some  longitudinal  compo- 
nent exists. 
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The  existence  of  the  terms  depending  on  e-^"*" '*-«*'  shows 
that  there  may  be  something  analogous  to  total  reflexion  with 
its  extinction  wave  in  the  case  of  a  grating  in  respect  of  the 
spectra  that  are  of  a  higher  order  than  can  be  transmitted  by 
the  grating.  It  wonld  seem,  then,  that  the  whole  energy  of 
the  wave  might  not  be  distributed  over  the  spectra  unless  the 
variation  of  opacity  in  each  line  be  judiciously  made.  This 
may  also  be  connected  with  the  high  absorbing  and  radiating 
powers  of  rough  surfaces  and  with  the  action  of  coherers. 

It  is  a  matter  for  consideration  whether  it  would  not  be 
worth  while  manufacturing  photographic  gratings  by  causing 
the  two  first  spectra  on  each  side  of  the  central  image,  together 
with  this  central  image,  or  without  it,  to  interfere  on  the 
surface  of  a  sensitive  film.  We  might  thereby  produce  a 
grating  which  had  such  a  distribution  of  opacity  as  to  repro- 
duce only  these  first  order  spectra  and  have  all  the  light  that 
passed  through  concentrated  in  them.  Similarly  we  might 
manufacture  a  grating  which  would  have  the  light  concen- 
trated in  any  desired  pair  of  spectra,  though  this  would 
practically  come  to  the  same  thing  as  the  first  proposal,  with 
the  lines  closer  together.  This  comes  to  the  same  thing  as 
producing  gratings  by  means  of  the  interference  of  two  beams 
of  parallel  rays  of  monochromatic  light  in  the  manner  that 
Wiener  has  shown  to  be  possible. 

In  all  these  cases  it  is  quite  evident  that  a  longitudinal 
component  of  either  electric  or  magnetic  force  is  essential  to 
the  existence  of  waves  whose  intensity  is  not  constant  all  over 
their  surface,  and  that  it  is  a  practically  universal  concomitant 
of  all  waves  of  noncondensational  type.  In  the  case  of  short 
waves  which  vary  slowly  from  point  to  point,  the  intensity 
of  the  longitudinal  component  at  any  place  will  be  in  general 
very  small,  because  the  area  is  very  large  over  which  the 
motion  along  the  surface  at  one  place  has  at  its  disposal  in 
which  to  turn  and  be  continuous  with  the  motion  back  along 
the  face  of  the  next  wave.  This  does  not  make  it  unimportant, 
however.     In  a  great  many  cases  the  total  flow  along  the  face  of 
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a  wave  must  somewhere  flow  longitudinally  so  as  to  be  continu- 
ous with  the  flow  back  along  the  other  face  of  the  wava 
Unless  these  longitudinal  flows  are  taken  into  consideration 
the  whole  energy  of  the  wave  is  not  accounted  for.  If  the  rate 
of  variation  of  intensity  over  the  surface  be  comparable  with  a 
wave-length,  as  in  the  case  of  fine  gratings,  the  longitudinal 
component  is  a  large  part  of  the  phenomenon,  and,  in  fact, 
represents  a  large  part  of  the  energy  in  this  case  transmitted  to 
the  secondary  image.  This  is  all  quite  obvious  in  the  case  of 
gratings  from  the  ordinary  theory,  for  the  equations  given  as 
a  solution  of  this  case  represent  a  series  of  waves  being  trans- 
mitted in  different  directions  from  the  grating  corresponding  to 
the  directions  of  the  secondary  spectra. 
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HERTZ»8  MISCELLANEOUS  PAPERS* 

[From  NatuTty  NoTember  6,  1896.] 

Anything  written  by  Hertz  is  of  interest;  and  these  papers 
are  of  interest,  not  only  on  this  account,  but  also  on  account 
of  their  suggestiveness.  It  is  always  a  question  as  to  the 
desirability  of  republishing  and  translating  papers  published 
some  years  ago.  Most  valuable  papers  of  ten  years*  standing 
have  produced  their  eflfect.  Their  \itality  has  been  transmitted 
to  and  reproduced  in  subsequent  work ;  but  what  the  scientific 
world  requires  is  advance  rather  than  revision.  The  work  of 
pioneers  is,  however,  largely  an  exception  to  this  rule.  They 
are  generally  in  advance  of  their  times,  and  much  of  their  work 
is  of  value  long  after  it  was  done.  Such  an  one  was  Hertz. 
Most  of  his  papera  are  suggestive  of  questions  which  still 
require  answers ;  and  they  all  breathe  a  spirit  that,  as  he  says 
himself  of  Helmholtz's  work,  evokes  "the  same  elevation  and 
wonder  as  in  beholding  a  pure  work  of  art."  His  papers  are 
not  mere  enimierations  of  observations,  nor  mathematical  gym- 
nastics. Each  has  a  definite  purpose  and  an  artistic  unity.  A 
life-giving  idea  pervades  it.  It  is  no  mere  dry  bones,  but  an 
organic  whole  that  lives  for  a  purpose,  and  does  some  work 
for  science. 

Prof.  Lenard  has  earned  much  gratitude  for  his  Introduc- 
tion. It  gives  a  chaiming  picture  of  Hertz,  of  his  simplicity, 
his   devotion  to  science,  his   loving   regard  for  his  parents. 

*  "Miscellaneous  Papers.**  B7  Heinrich  Hertz.  With  an  Introduction  by 
Prof.  Philipp  Lenard.  Translated  by  D.  E.  Jones  and  G.  A.  Scbott.  Pp.  364. 
(London  and  New  York :  Macmillan  and  Co.,  Ltd.     1896). 
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There  is  just  enough  added  to  the  veiy  well  selected  letters 
to  give  the  reader  a  continuous  view  of  Hertz's  work,  and 
enable  him  to  follow  its  development,  and  hence  feel  an 
interest  in  it  and  sympathy  with  the  worker,  thus  fulfilling 
the  best  ideal  of  the  biographer. 

One  of  Hertz's  first  investigations  was  as  to  the  kinetic 
energy  of  an  electric  current.  The  question  is  still  of  great 
interest  It  is  known  that  the  magnetic  induction  that 
accompanies  an  electric  current  behaves  exactly  as  if  it 
were  a  mass  moving  with  inertia.  This  is  the  inertia  of 
magnetic  induction.  Hertz  was,  however,  looking  for  a 
dififerent  inertia.  He  looked  at  the  subject  from  the  flow  of 
electricity  point  of  view.  He  thought  that  there  might  be 
some  phenomenon  corresponding  to  an  inertia  of  the  electric 
charges,  which  upon  this  theory  are  supposed  to  be  flowing 
in  opposite  directions  through  a  conductor.  He  supposed  that 
these  might  have  some  inertia  in  addition  to  the  magnetic 
inertia  which  accompanied  their  motion.  To  test  this  he  tried 
two  different  forms  of  experiment,  and  obtained  results  which 
showed  that  if  thei*e  were  inertia  of  this  kind,  it  must  be  small 
compai-ed  with  that  of  the  magnetic  kind.  The  first  method 
consisted  essentially  in  a  careful  comparison  of  the  extra 
current  in  a  conductor  with  its  calculated  value;  the  second 
consisted  in  observing  whether  anything  like  the  action  by 
which  the  trade  winds  are  deflected  from  a  due  northerly  and 
southerly  flow  by  the  rotation  of  the  Earth,  could  be  observed 
in  a  rotating  conductor  when  traversed  by  an  electric  current. 
That  there  is  some  directed  inertia  in  the  conductor  when 
traversed  by  an  electric  current  is  very  probable,  and  in  some 
cases  we  can  be  sure  it  exists.  Hertz  himself  remarks  that  the 
inertia  of  the  motion  of  the  ions  in  electrolysis  is  considerably 
greater  than  what  he  was  looking  for  in  a  metallic  conductor. 
He  could  not  make  sufficiently  delicate  experiments  with  his 
apparatus  to  detect  it,  however,  when  using  the  small  densities 
of  current  that  were  available  in  liquids  ;  but  the  question  is  of 
great  interest,  and  deserves  further  investigation.    There  can 
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be  no  doubt  that  in  gaseous  discharges,  kathode  rays,  as  well 
as  in  electrolysis  of  liquids,  there  is  a  directed  motion  of  matter 
accompanying  the  electric  current  which  would  be  of  the  nature 
of  the  inertia  Hertz  was  looking  for,  but  failed  to  find.  There 
seems  much  reason  for  thinking  that  in  metallic  conductors 
some  similar  actions  are  also  taking  place.  Besides  all  this^ 
there  is  the  question  as  to  how  far  the  theory  that  all  elec- 
tricity is  molecular  and  consists  of  electrons,  involves  the 
supposition  of  an  inertia  of  this  kind.  Is  the  inertia  of  an 
electron  completely  specified  by  the  magnetic  force  accom- 
panying it?  Does  it  occupy  no  space  itself,  and  is  its  external 
field  its  all  ?  We  are  hardly  in  a  position  to  answer  such 
questions.  We  might,  however,  be  able  to  answer  the  former 
question,  as  to  the  inertia  of  the  directed  matter  movements 
accompanying  the  current, — and  as  to  another  interesting 
question  of  a  similar  kind,  namely,  as  to  how  far  we  can 
legitimately  assume  the  current  inside  a  conductor  to  be 
absolutely  homogeneous.  The  self-induction  of  a  single  wire 
of  a  square  mm.  in  section  is  not  exactly  the  same  as  that  of,- 
say,  a  hundred  wires  each  of  the  thousandth  of  a  square  mm, 
in  section,  and  distributed  over  the  square  mm.  Subdividing 
the  current  would  increase  its  self-induction.  Outside  the  wire 
the  distribution  of  magnetic  force  would  be  practically  the 
same  as  before;  but  inside  we  would  have  it  concentrated 
into  a  hundred  small  wires  instead  of  being  uniformly  dis- 
tributed, and  the  effect  of  this  would  be  to  slightly  increase 
the  self-induction,  and  the  more  so  the  smaller  the  section 
of  each  wire  into  which  the  square  mm.  were  subdivided. 
Hence  we  conclude  that  if  the  current  in  a  real  wire  be  fi'om 
molecule  to  molecule,  and  so  be  concentrated  on  certain  lines, 
its  inertia  should  be  somewhat  greater  than  that  calculated 
from  the  hypothesis  that  it  is  imiformly  distributed  over  the 
section  of  the  conductor.  The  difference  between  these  two 
views  is  most  clear  when  we  consider  the  case  of  a  Leyden 
discharging  by  its  insulating  medium  becoming  a  conductor. 
If  the  Leyden  be  completely  closed,  and  the  medium  become 
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a  conductor  in  such  a  way  that  the  strain  in  each  cubic  cm. 
is  there  destroyed  by  conductivity,  there  will  be  no  magnetic 
force  anywhere  accompanying  this  discharge  of  the  Leyden, 
and  consequently  no  magnetic  inertia,  if  the  conduction  be 
perfectly  homogeneoua  TSovr  it  seems  almost  impossible  that 
any  directed  change  can  take  place  without  some  accompanying 
inertia,  and  we  may  consequently  conclude  that  either  (a)  an 
electric  current  has  inertia  such  as  Hertz  was  looking  for,  or 
(()  electric  conduction  currents  are  essentially  heterogeneous, 
or  (c)  electric  conduction  is  essentially  accompanied  by  material 
inertia,  or  (rf)  two  or  all  three  of  these  are  true.  That  (c)  cer- 
tainly exists  in  this  case  is  incontestable  in  view  of  the  known 
directed  strains  that  Eerr  and  Duter  have  proved  to  exist 
in  matter  subject  to  electric  stress.  What  is  the  complete 
answer,  is  the  important  question.  It  is  still  unsolved.  It 
lies  at  the  foundation  of  every  theory  of  electric  conduction. 
Hertz  attacked  it.    It  is  still  waiting  solution. 

The  papers  on  the  contact  of  elastic  spheres  and  on  hardness 
are  most  valuable  contributions  to  the  subject.  They  place  the 
question  of  hardness  on  a  scientific  basis,  and  lay  the  foundation 
for  a  quantitative  study  of  this  most  variable  property  of  matter. 
There  is  no  quality  in  which  different  materials  differ  more  than 
in  hardness.  Electric  conductivity  is  perhaps  as  various  as 
hardness,  compressibility,  and  ^-iscosity,  but  hardly  any  other 
quality  of  matter  is  at  all  comparable  with  these  in  variety  of 
range.  Of  these  hardness  is  one  of  the  most  important  and 
least  known,  and  since  Hertz's  work  on  it  can  be  scientifically 
studied.  Innumerable  subsidiary  questions  arise  in  connexion 
with  it.  Why  are  some  bodies  so  easily  polished  ?  Is  the 
polishing  of  marble  connected  with  the  ease  with  which  crystals 
of  calcspar  can  be  twinned  by  pushing  over  one  corner  ?  What 
is  the  essential  difference  between  polishing  and  grinding  ? 
What  is  the  effect  of  impurities  on  hardness  ?  Is  it  com- 
parable to  their  effect  on  electric  conductivity  ?  What  is  the 
cause  of  this  effect  ? 

In  considering  the  cracking  of  a  material  like  glass.  Hertz 
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seems  to  think  that  its  cracking  will  depend  only  on  the 
tension ;  that  it  will  crack  where  the  tension  exceeds  a  certain 
limit.  He  does  not  seem  to  consider  whether  it  might  not 
crack  by  shearing  with  hardly  any  tension.  It  is  doubtful 
whether  a  material  in  which  there  were  sufl&cient  general 
compression  to  prevent  any  tensions  at  all,  would  crack. 
Eocks  seem  capable  of  being  bent  about  and  distorted  to 
almost  any  extent  without  cracking,  and  this  might  very  well 
be  expected  if  they  were  at  a  sufficient  depth  under  other 
rocks  to  prevent  their  parts  being  under  tension.  It  is  an 
interesting  question  whether  a  piece  of  glass  could  be  bent 
without  breaking  if  it  were  strained  at  the  bottom  of  a  suffi- 
ciently deep  ocean.  On  the  other  hand,  there  seems  very 
little  doubt  that  the  parts  of  a  body  might  slide  past  one 
another  under  the  action  of  a  shear,  and  would  certainly  crack 
unless  there  were  a  sufficiently  great  compressive  stress  to 
prevent  the  crack ;  and  that  consequently  a  body  might  cracky 
even  though  the  tensions  were  not  by  themselves  sufficiently 
great  to  cause  separation,  and  might  crack  where  the  shear 
was  greatest,  and  not  where  the  tensions  were  greatest. 

Then  follow  some  papers  on  hygrometry  and  evaporation. 
A  very  interesting  point  is  raised  in  this  latter  connexion. 
Can  a  liquid  evaporate  at  an  imlimited  rate  if  the  vapour 
produced  is  removed  as  rapidly  as  it  is  evolved  ?  From  two 
points  of  view  Hertz  shows  that  there  is  a  limit,  and  by  his 
experiments  went  far  to  show  that  there  was  no  other  cause 
limiting  the  rate  of  evaporation.  The  first  point  of  view  was 
that  a  limit  is  imposed  by  the  difficulty  of  supplying  heat 
sufficiently  rapidly  to  keep  the  surface  temperature  constant. 
He  does  not  seem  in  his  experiments  to  have  attempted  to 
supply  this  by  radiation,  but  was  content  to  allow  the  liquid 
to  supply  itself  by  conduction  and  convection  from  below. 
The  second  point  of  view  was  that  the  molecules  could  not 
leave  the  surface  faster  than  they  would  be  moving  in  the 
vapour  that  was  formed.  Hertz's  investigation  of  this  case 
only  assumes  an  average  velocity  for  the  molecules  ;  he  does 
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not  consider  the  distribution  of  velocity  among  the  molecules, 
nor  whether  they  escape  equally  easily  in  all  directions.  The 
experimental  investigation  of  the  conditions  of  evaporation  is 
extremely  difficult;  and  until  some  more  satisfactory  method 
of  studying  these  conditions  be  invented,  the  rough  approxi- 
mation seems  to  be  sufficient  to  explain  the  observations.  It 
might  be  interesting  to  see  whether  there  was  any  difference 
between  the  superficial  friction  of  a  gas  and  a  liquid  which  did 
not  evaporate,  and  of  a  vapour  in  contact  with  its  own  liquid. 
In  one  case  there  would  be  no  exchange  of  molecules  between 
the  two  bodies  that  were  sliding  past  one  another,  while  in  the 
second  case  there  would  be  an  exchange.  A  study  of  the  con- 
duction of  heat  between  a  gas  and  a  liquid  might  also  help  to 
elucidate  the  nature  of  the  exchange  which  takes  place  between 
a  liquid  and  its  vapour. 

In  the  paper  on  the  vapour  pressure  of  mercury,  there  are 
some  very  rough  approximations  which  are  hardly  sufficiently 
accurate  for  general  application.  One  is  as  to  the  extent  to 
which  a  saturated  vapour  obeys  the  laws  of  a  perfect  gas. 
Hertz  assumes  that  this  is  more  nearly  true  the  lower  the 
temperature.  This  is  not  generally  so.  For  each  kind  of 
material  there  is  a  particular  temperature  at  which  its  satu- 
rated vapour  most  nearly  obeys  these  laws,  and  below  as  well 
as  above  this  temperature  it  departs  from  these  laws.  Again, 
there  is  a  process,  described  at  the  bottom  of  p.  203  and  top 
of  p.  204,  which  cannot  possibly  be  carried  out.  He  says  : 
"  Let  a  quantity  of  Uquid  at  temperature  T  be  brought  to  any 
other  temperatui-e.  At  this  temperature  it  is  converted  into 
vapour  without  external  work."  This  is  absolutely  impossible, 
and  the  equation  he  deduces  from  all  this  is  not  true,  though 
it  is  sometimes  a  rough  approximation  to  the  truth. 

There  is  a  very  interesting  paper  on  the  floating  of  bodies 
by  thin  sheets  of  rigid  material  like  ice.  Hertz  shows  that 
if  the  sheet  be  large  enough  it  would  be  possible  to  cause  a 
thin  sheet  of  iron,  which  by  itself  would  sink,  to  float  by 
placing  weights  at  its  centre.     The  weights  might  so  depress 
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the  centre  and  make  the  sheet  so  boat-shaped  as  to  float  both 
themselves  and  it 

In  1883  Hertz  published  a  deduction  from  first  principles 
of  Maxwell's  equations  for  the  electromagnetic  field  in  the 
symmetrical  form,  afterwards  used  by  himself  in  his  investi- 
gations on  oscillatory  discharge  waves.  He  applies  the  very 
same  arguments  by  which  Helmholtz,  Lord  Kelvin,  and  others 
had  argued,  fi-om  the  work  done  by  one  electric  current  on 
another,  that  there  must  be  a  corresponding  reaction  of  the 
second  on  the  first  current,  and  hence  deduced  electromagnetic 
induction.  Hertz  applies  this  argument  to  the  case  of  a  ring 
magnet  changing  in  strength  and  producing  magnetic  force  on 
another  ring  magnet  in  its  neighbourhood,  and  doing  work  there, 
and  shows  thereby  that  there  should  be  a  magnetic  force  due  to 
a  changing  electric  field  exactly  corresponding  to  the  electric 
force  due  to  a  changing  magnetic  field.  This,  of  course,  is  what 
Maxwell  describes  as  the  magnetic  effect  of  the  changing  electric 
displacement,  and  its  effects  are  expressed  by  the  very  same 
equations  as  Maxwell  deduces.  The  argument  is  no  more  and 
no  less  conclusive  than  in  the  corresponding  application  of 
the  principle  of  the  conservation  of  energy  to  deduce  ordinary 
electromagnetic  induction.  Hertz  is  careful  to  point  this  out, 
for  he  was  early  imbued  by  Helmholtz  with  the  fact  that  the 
principle  of  the  conservation  of  energy  is  by  itself  utterly 
inadequate  as  a  complete  explanation  of  physical  phenomena. 
He  specially  mentions  himself  Helmholtz's  interest  in  this 
problem  of  the  simplest  basis  for  dynamics,  and  Hertz's  last 
great  work  was  to  place  general  dynamics  on  a  sound  basia 
The  simplest  of  all  cases  is  the  easiest  in  which  to  see  how  the 
principle  of  the  conservation  of  energy  fails  to  give  a  complete 
solution.  A  body  moving  without  any  action  from  other  bodies 
describes  a  right  line  at  a  constant  velocity.  The  principle  of 
the  conservation  of  energy  requires  the  constant  velocity.  But, 
why  the  right  line  ?  Conservation  of  energy  cannot  solve  even 
the  simplest  of  all  examples.  It  would  be  well  if  some  modem 
chemists  would  mark,  learn,  and  inwardly  digest  this. 
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The  part  of  Hertz's  work  which  is  of  greatest  interest  just 
now  is  that  in  connexion  with  kathode  rajs.  He  b^an  with 
some  very  interesting  observations  on  the  aura  accompanying 
spark  discharges.  It  appeared  to  be  projected  from  the  positive 
electrode,  and  occasionally  formed  a  vortex  ring  of  incandescent 
gas,  which  lasted  for  an  appreciable  time  between  the  electrodes 
of  a  jar  discharging  in  air.  Goldstein  has  noticed  similar  effects ; 
and  some  recent  experiments  on  the  discharge  of  large  Leyden 
batteries,  in  which  some  of  the  phenomena  of  globular  lightning 
seem  to  have  been  reproduced,  make  it  appear  possible  that  this 
latter  is  a  spherical  vortex  of  incandescent  air. 

Hertz's  study  of  kathode  rays,  in  1883,  set  finally  at  rest 
two  questions.  In  the  first  place  he  showed  that  the  discharge 
in  a  gas  may  be  as  continuous  as  any  other  form  of  current. 
In  no  case  are  we  absolutely  certain  that  the  current  is 
absolutely  continuous.  On  the  large  scale  it  certainly  is ;  but 
all  we  know  of  electrolysis  seems  to  show  that  on  a  sufficiently 
smcdl  scale  the  current  is  carried  in  detachments,  and  is  con- 
sequently essentially  discontinuous.  This,  however,  was  not 
the  question  at  issue,  and  so  far  as  a  continuity  of  the  same 
kind  as  that  in  any  liquid  electrolyte  is  concerned.  Hertz 
showed  that  the  discharge  through  a  gas  might  be  equally 
continuous.  The  second  question  he  decided  was  as  to  the 
direction  of  flow  of  the  average  current  in  an  exhausted 
space.  He  showed  that  the  average  flow  at  any  point  was 
nearly  the  same  as  if  the  whole  space  were  a  conductor: 
that  there  was  no  connexion  between  the  kathode  rays  and 
the  flow  of  the  current.  From  experiments  on  kathode  rays 
projected  down  a  tube,  and  quite  away  from  both  electrodes 
he  deduced  that  they  produce  no  magnetic  action  outside 
the  tube,  although  they  are  deflected  by  the  magnet.  His 
conclusion,  that  the  kathode  rays  are  not  streams  of  electrified 
particles,  was  largely  founded  on  this,  and  on  another  experi- 
ment on  the  action  of  electrostatic  force  on  the  particles. 
This  experiment  on  the  magnetic  action  of  kathode  rays  is 
quite  inconclusive,   and   it   is   very   remarkable    that   Hert^ 
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should  have  attributed  much  importance  to  it  Whatever 
current  was  carried  down  his  tube  by  the  kathode  ray  must 
have  come  back  the  tube  by  the  surrounding  gas,  and  these 
two  opposite  currents  should  have  produced  no  magnetic  force 
outside  the  tube;  and  this  is  exactly  what  Hertz  observed. 
In  a  similar  way,  what  he  observed  in  the  case  of  a  flat  box 
was  the  average  direction  of  the  current,  and  he  showed  that 
this  average  direction  was  approximately  the  same  as  in  a 
conducting  sheet.  This  proved  that  if  there  were  any  con- 
centration of  the  current  along  the  direction  of  the  kathode 
rays,  this  concentration  was  neutralised  by  a  corresponding 
return  current,  so  that  the  average  current  was  as  described. 
At  the  same  time  there  does  not  seem  much  doubt  but  that 
the  kathode  rays  only  carry  a  very  small  part  of  the  current. 
.  The  third  part  of  the  paper  is  concerned  with  the  electrostatic 
eflfects  due  to  kathode  mys.  The  experiments  do  not  seem 
to  fully  justify  the  conclusion  drawn,  that  kathode  rays  cannot 
be  charged  molecules.  Sufficient  account  does  not  seem  to 
have  been  taken  of  the  shielding  action  of  the  conducting  gas 
surrounding  the  kathode  ray,  nor  of  the  way  in  which  the 
potential  is  distributed  between  two  electrodes  in  a  gas. 
Hertz  describes  an  experiment  with  two  plates  inside  the  tube 
kept  at  a  considerable  difference  of  potential.  He  says  : — 
"The  phosphorescent  image  of  the  RuhmkorflF  coil  discharge 
appeared  somewhat  distorted  through  deflection  in  the  neigh- 
bourhood of  the  negative  strip;  but  the  part  of  the  shadow 
in  the  middle  between  the  two  strips  was  not  visibly  dis- 
placed." Now  this  is  exactly  what  one  might  expect,  because 
the  fall  of  potential  between  two  such  strips  is  very  small 
indeed,  except  close  to  the  negative  strip,  and  there  the 
electric  force  did  deflect  the  rays.  Hence  the  conclusion  is 
just  the  reverse  of  the  one  Hertz  gives.  From  the  experi- 
ment it  appears  that  kathode  rays  do  behave  like  electrified 
particles.  It  is  very  remarkable  that  in  all  these  investi- 
gations Hertz  does  not  once  even  mention,  as  a  thing  to  be 
explained,  the  repulsive  actions  which  Crookes  observed,  and 
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which  have  been  aknost  universally  attributed  to  the  impact 
of  gas  particles. 

The  other  important  paper,  on  the  transmission  of  kathode 
rajs  through  thin  metallic  films,  is  particularly  interesting 
as  the  starting-point  for  Lenard's  work,  which  has  resulted 
in  the  discovery  of  the  X-rays.  A  good  deal  of  what  Hertz 
observed  would  be  accounted  for  by  the  production  of  X-rays 
where  the  kathode  rays  meet  the  diaphragms,  and  by  the 
reproduction  of  kathode  rays  mixed  with  X-rays  on  the  other 
side  of  the  diaphragm,  which  would  thus  act  as  a  sort  of 
local  electrode.  That  something  exists  in  a  vacuum  on  the  fai* 
side  of  such  a  thin  film,  which  does  not  ordinarily  exist  in 
X-rays  in  air,  seems  conclusively  proved  by  there  being  some- 
thing there  which  can  be  deflected  by  a  magnet.  There  seems 
no  doubt  that  kathode  rays  themselves  are  quite  invisible,  and 
that  it  is  only  where  they  are  interfered  with  by  gaseous  mole- 
cules or  by  phosphorescent  solids  that  they  are  sources  of  light. 
This  is  very  much  what  one  would  expect  An  electrified  atom 
would  not  in  general  be  a  source  of  light  unless  its  free  move- 
ment were  interfered  with  by  impact. 

The  concluding  article,  on  his  master  Helmholtz's  seventieth 
birthday,  is  a  noble  and  generous  tribute  to  that  great  teacher's 
abilities  and  character.  How  truly  he  portrays  the  important 
characteristics  of  a  University  Professor!  "It  is  true  that 
Helmholtz  never  had  the  reputation  of  being  a  brilliant  uni- 
versity teacher,  as  far  as  this  depends  upon  communicating 
elementary  facts  to  the  beginners  who  usually  fill  the  lecture- 
rooms.  But  it  is  quite  another  matter  when  we  come  to  con- 
sider his  influence  on  trained  students,  and  his  pre-eminent 
fitness  for  guiding  them  in  original  research."  The  most 
important  duty  of  a  University  is  to  increase  the  knowledge 
of  mankind,  and  to  train  up  a  new  generation  who  may  be  able 
to  continue  the  good  work.  It  is  thus  mankind  has  advanced 
since  the  dawn  of  civilization  in  Egypt.  He  who  produced  the 
most  enthusiastic  disciples  has  most  advanced  the  well-being 
and  the  well-living  of  the  race. 
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ON  THE  EFFECT  OF  PRESSURE  IN  THE  SURROUNDING 
GAS  ON  THE  TEMPERATURE  OF  THE  CRATER  OF 
AN  ELECTRIC  ARC.  CORRECTION  OF  RESULTS  IN 
FORMER  PAPER. 

[Conjointly  with  TV.  E.  TVilson,  F.R.S.    From  the  Proceidingt  of  ths  Roytil 

Society,  Vol.  60.    Read  December  17,  1896.] 

In  May  1895,  a  preliminary  paper  by  one  of  the  authors  was 
read  at  the  Eoyal  Society,  in  which  is  described  the  apparatus 
used  for  these  experiments,  and  the  results  which  were  then 
obtained. 

The  primary  object  of  this  research  was  to  determine,  if 
possible,  whether  the  temperature  of  the  crater  in  the  positive 
carbon  varies  when  the  pressure  in  the  surrounding  gas  is 
changed. 

It  has  been  suggested  that  the  temperature  of  the  crater  is 
that  of  boiling  carbon.  The  most  modem  determinations  give 
this  temperature  of  the  crater  as  about  3300-3500®  C* 

If  this  is  the  true  boiling  point  of  carbon,  it  is  then  clear 
that  solar  physicists  must  find  some  other  substance  than  solid 
carbon  particles  to  form  the  photospheric  clouds  in  the  Sun, 
as  the  temperature  of  this  layer  is  most  probably  not  below 
8000  C.,f  unless,  indeed,  the  pressure  in  the  solar  atmosphere 
is  sufficient  to  raise  the  boiling  point  of  carbon  to  about  this 
temperature  (see  p.  448).  It  is  in  order  to  throw  some  light 
on  this  subject  that  these  experiments  were  undertaken. 

♦  Wilson  and  Gray,  ••  Roy.  Soc.  Proc.,'*  vol.  58  ;  Violle,  *•  Joum.  de  Phyi.,'* 
3rd  series,  vol.  2,  1893,  p.  546. 

t  Wilson  and  Gray,  **Phil.  Trans.,"  A,  vol.  186,  1894. 
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The  gas  used  in  our  first  experiments  was  nitrogen,  and  we 
found  that  the  radiation  from  the  crater  fell  off  in  a  most 
remarkable  manner  whenever  the  pressure  was  raised  in  the 
box  surrounding  the  arc.  This  falling  off  was  not  due  to  any 
very  large  extent  to  visible  cloud  or  smoke,  and  the  crater 
seemed  so  much  reduced  in  temperature  as  to  glow  with  only 
a  red  heat  This  seemed  to  show  that  the  temperature  of  the 
crater  depends  on  how  much  it  is  cooled  by  the  surrounding 
gas,  and  not  on  its  being  the  temperature  at  which  the  vapour 
of  carbon  has  the  same  pressure  as  the  surrounding  atmosphere. 

It  was  found  that  we  were  limited  to  pressures  not  exceed- 
ing about  20  atmos.,  as  at  this  pressure  we  could  not  withdraw 
the  negative  carbon  sufficiently  to  see  into  the  crater  without 
the  arc  breaking.  We  were  then  only  able  to  obtain  a  current 
from  a  battery  of  accumulators  which  had  an  E.M  J",  of  110  volts. 
Since  then  we  obtained  a  Crompton  dynamo  which  could  give 
300  volts  and  15  amperes,  and  which  was  driven  by  a  turbine. 

From  the  great  difficulty  of  obtaining  a  sufficient  quantity 
of  pure  nitrogen  under  pressure,  we  obtained  a  20  ft  cylinder 
of  air  compressed  to  120  atmos.  With  this  we  tried  a  series  of 
experiments,  and  these  at  first  seemed  to  corroborate  our  former 
ones,  in  which  we  used  nitrogen ;  but  we  found  that  at  any  rate 
some  of  the  radiation,  and  possibly  a  great  deal  of  it,  was  cut 
off  by  the  formation  of  what  appeared  to  be  red  fumes  of  NOj. 
We  found  no  absorption  from  this  cause  so  long  as  the  pressure 
was  nearly  atmospheric,  but  at  about  100  lbs.  pressure  this  gas 
was  formed  with  great  rapidity,  and  undoubtedly  cut  off  a  great 
deal  of  the  radiation.  We  easily  confirmed  our  belief  in  the 
presence  of  this  gas  by  its  well  known  absorption  spectrimL 

Lest  heat  dissociation  might  cause  an  apparent  increase  in 
the  amount  of  NO],  we  tried  heating  some  of  this  gas  in  a  flask. 
We  observed  that  when  hot  the  brown  fumes  became  golden 
yellow,  and  the  absorption  bands  nearly  disappeared,  so  that 
the  heating  coidd  not  have  been  the  cause  of  the  apparently 
enormous  production  of  NO,  at  high  pressure. 

We  next  tried  whether  oxygen  blown  into  the  arc  would 
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bum  up  the  carbons,  but  found  it  did  not  do  so  to  any  serious 
extent,  and  so  tried  the  arc  in  a  compressed  atmosphere  of  this 
gas. 

The  arc  burned  veiy  nicely  indeed  in  the  oxygen,  the 
carbons  keeping  a  good  shape,  and  a  very  steady  crater.  The 
oxygen  was,  however,  so  contaminated  with  nitrogen  that  at 
high  pressure  enormous  quantities  of  XO2  were  again  formed, 
so  that  we  could  not  proceed  further  with  the  radiation  experi- 
ments. The  arc  was  a  bright  blue  bead,  about  the  size  of  a  pea, 
and  the  spectrum  was  a  beautiful  banded  one. 

From  these  results  we  concluded  that  the  reduction  of 
radiation,  and  red-hot  appearance  of  the  crater  in  the  former 
experiments  in  nitrogen,  were  due  to  its  being  contaminated 
with  oxygen  and  to  the  large  quantities  of  NOj,  which  were 
formed  by  the  arc  when  under  pressure. 

We  next  tried  the  arc  in  hydrogen.  The  gas  was  obtained 
as  pure,  but  contained  hydrocarbons  as  an  impurity,  possibly 
from  ha\dng  been  compressed  into  a  cylinder  which  had  previ- 
ously been  charged  with  coal-gas. 

The  arc  in  hydrogen  at  atmospheric  pressures  was  a  long, 
thin  flame,  that  moved  as  far  up  the  carbons  as  possible; 
especially  on  the  negative  carbon  it  walked  up  a  cm.  along  the 
cone.  It  went  so  far  that  it  fused  the  copper  ring  that  held 
the  negative  carbon,  and  we  had  to  replace  it  by  an  iron  wire 
lashing.  It  was  very  unsteady,  and  trees  of  soot  and  a  deposit 
of  hard  graphitic  carbon  formed  on  tliis  positive  carbon  as  if 
there  were  electrolysis  of  the  hydrocarbon,  and  carbon  were 
electro-negative  compared  with  hydrogen.  This  growth  took 
place  all  round  the  crater,  while  there  was  no  tendency  for 
anything  to  grow  on  the  negative  carbon. 

The  arc  was  only  5-6  mm.  wide,  and  sometimes  over  2  cm. 
long.  There  was  a  green  outer  flame,  with  a  bright  red  line  not 
a  mm.  wide  down  the  middle  of  it.  Where  it  impinged  on  the 
negative  carbon  there  was  a  bright  red  flame  from  the  middle 
of  the  bright  spot  on  the  carbon.  The  outer  greenish  part 
seemed  to  give  much  the  same  spectrum  as  the  green  cone  in  a 
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Bunaen  burner,  while  the  red  flame  and  line  was  undoubtedly 
glowing  hydrogen.  As  we  saw  the  C  and  F  hydrogen  lines 
very  distinctly,  the  red  C  line  being  dazzling  bright  and  not 
nearly  so  wide  as  in  a  coil  spark  at  atmospheric  pressure,  when- 
ever the  image  of  the  red  part  of  the  arc  was  thrown  on  the 
slit  of  the  spectroscope,  the  appearance  was  quite  like  that  of  a 
Solar  prominence. 

The  end  of  the  positive  carbon  was  pitted  into  a  number  of 
craters,  as  the  arc  was  very  unsteady ;  and  when  the  pressure 
was  raised  it  was  almost  impossible  to  keep  an  arc  going,  partly 
because  the  arc  broke  when  it  was  elongated  the  least  bit,  and 
partly  because  a  complete  lantern  of  soot  trees  grew  all  round 
the  crater,  and  seemed  to  short-circuit  the  arc  from  time  to 
time. 

The  arc  being  very  unsteady,  no  satisfactory  reading  of  the 
voltage  and  current  was  possible.  At  from  60  to  80  lbs.  pres- 
sure the  voltage  varied  from  60  to  80,  and  the  amperes  kept 
continually  varying  from  15  to  20.  At  40  lbs.  with  20  amperes 
the  volts  varied  from  50  to  60.  The  crater  was  not  well  developed, 
so  that  the  radiation  observation,  even  at  low  pressures,  was 
not  very  satisfactory,  wliile  at  high  pressures  the  arc  was  too 
short  to  see  into  the  crater  at  all,  and  the  lantern  of  soot  trees 
hid  a  considerable  length,  3  or  4  mm.  of  the  negative  carbon 
besides.  The  radiomicrometer  gave  440  divisions  with  a  good 
arc  in  air,  and  380  with  the  moderately  good  crater  in  hydrogen. 
But  this  difference  is  no  greater  than  woidd  often  occur  with  a 
good  and  moderately  good  crater,  so  that  there  is  not  any  proof 
of  a  difference  of  temperature  due  to  cooling  power  of  hydrogen. 
These  experiments  showed  us  that  it  was  quite  hopeless  to  get 
any  measures  of  radiation  under  pressure  with  hydrogen. 

"VVe  finally  tried  an  atmosphere  of  carbon  dioxide.  We  used 
a  cylinder  of  liquid  CO,,  which  was  connected  to  our  arc  box  by 
a  copper  tube  and  stop  valve.  The  arc  burned  fairly  well  in  this 
gas,  and,  except  for  the  difficulty  of  getting  a  sufficiently  long 
arc  at  pressures  above  150  lbs.,  some  pretty  satisfactory  measures 
of  radiation  were  obtained.     We  found  that  whenever  the 
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presQure  was  suddenly  reduced,  there  was  a  fog  formed  in  the 
box,  which  cut  off  the  light  enormously.  Also  by  looking  down 
the  steel  tube,  which  is  closed  at  its  end  by  a  lens,  we  could  see 
powerful  convection  currents  in  the  gas  which  scattered  a  lot 
of  light.  At  high  pressure  the  refraction  due  to  these  currents 
prevented  any  sort  of  an  image  of  the  crater  being  formed  while 
the  pressure  was  varying.  "While  the  pressure  was  steady  a 
good  image  could  be  formed.  This  tube  is  nearly  3  ft.  in  length, 
and  only  ^  in«  in  bore,  and  it  would  naturally  take  time  for  the 
gas  to  settle  down  throughout  its  length.  We  propose  to  have 
this  tube  removed,  and  the  aperture  in  the  box  closed  by  a 
strong  piece  of  plain  glass,  and  to  form  an  image  of  the  carbons 
by  a  lens  placed  at  a  suitable  distance  outside.  This  we  expect 
will  remove  the  difficulty  arising  from  these  convection  currents. 
The  result  of  all  these  experiments  so  far  is  that  it  would 
requiie  more  evidence  than  we  have  been  able  to  get,  to  affirm 
that  the  temperature  of  the  crater  of  the  arc  is  either  raised 
or  lowered  by  pressure.  "NVe  got  some  very  concordant  obser- 
vations, which  showed  the  temperature  to  be  lowered  with 
pressure,  and  in  which  at  the  time  we  could  see  no  evidence" 
of  absorption  by  fog;  but  then,  at  other  times,  there  was 
undoubtedly  absorption  from  this  cause.  We  certainly  got  no 
evidence  that  there  is  any  appreciable  increase  of  temperature* 
When  the  arc  was  started  in  the  gas  at  a  low  pressure  and  then 
the  pressure  was  raised,  the  radiation  at  the  low  pressure  was 
greater  than  at  a  high  pressure ;  but  when  the  arc  was  started 
first  in  the  gas  at  high  pressure,  and  then  the  pressure  reduced, 
the  radiation  was  rather  higher  in  the  gas  at  high  pressure. 
From  all  this  we  concluded  that  the  greater  part  of  the  difiTer- 
ences  we  were  observing  were  due  to  the  absorption  of  the  light 
in  the  long  tube  already  mentioned,  which  increased  the  longer 
the  arc  was  kept  burning,  and  was  probably  gieater  at  high  than 
at  low  pressures.  The  best  observations  were  made  with  ^  aria- 
tions  of  pressure  from  15  up  to  100  lbs.  per  sq.  in.,  and  there 
seems  very  little  evidence  of  much  change  of  radiation  with  this 
change  of  from  1  up  to  between  6  and  7  atmos. 
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The  whole  question  is  surrounded  with  great  difficulty.  If 
the  carbon  be  really  in  equilibrium  with  its  own  vapour  at  the 
temperature  of  the  crater  and  at  the  pressure  of  the  surround- 
ing atmosphere,  some  relation  must  exist  between  the  change  in 
pressure  and  change  in  temperature  of  the  crater.  If  we  knew 
the  latent  heat  of  volatilization  of  carbon,  we  should  be  able 
to  calculate  the  change  of  temperature  from  the  well-known 
thermodynamic  formula. 

ST     Av^ 

Av  can  certainly  be  approximately  determined  on  the  sup- 
position that  the  absolute  temperature  of  the  crater  is  fourteen 
times  the  absolute  temperature  of  the  freezing  point,  i,e.  3800. 
We  thus  get  for  gaseous  carbon  C^v  =  10*,  j.^.,  at  this  tempera- 
ture.   For  1  atmos.  8p  «  10',  j.jp.,  so  that 

ST     10^^ 
T  "    A  ' 

Hence,  unless  the  latent  heat  of  carbon  be  enormously  great 
compared  with  that  of  other  substances,  ST/T  will  be  consider- 
able. If  X  be  as  great  as  the  latent  heat  of  vaporization  of 
carbon  given  by  Trouton's  law,  i.c,  about  4000  calories,  or 
16-8  X  10^°  ergs,  8T/T  would  be  about  ^,  and  ST  would  be 
nearly  220°  C.  for  each  atmosphere,  and  a  change  of  pressure  of 
about  18  atmos.  would  raise  the  temperature  of  the  crater  to 
that  estimated  for  the  Sun.  The  corresponding  increase  of 
radiation  would  be  very  great,  for  the  radiation  varies,  at  least 
approximately,  as  the  fourth  power  of  the  absolute  temperature. 
This  would  lead  one  to  expect  that  the  radiation  would  be  nearly 
doubled  for  each  4  atmos.  added.  Such  an  increase  as  this 
certainly  does  not  take  place,  so  that  we  may  conclude  that 
either  the  temperature  of  the  crater  is  not  that  of  boiling 
carbon,  or  else  that  the  latent  heat  of  volatilization  of  carbon 
is  very  considerably  greater  than  that  calculated  from  Trouton's 
law.    Even  though  this  latent  heat  were  as  great  as  the  heat  of 
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combustion  of  C  to  CO2, 1. 1.  7770,  there  would  be  an  increase 
of  about  70  per  cent,  in  the  radiation  for  an  increased  pressure 
of  6  atmos.  Such  an  enormous  latent  heat  is  unprecedented, 
and  yet  our  experiments  would,  almost  certainly,  have  shown 
such  an  increased  radiation  as  this.  So  far,  therefore,  the  ex- 
periments throw  considerable  doubt  on  the  probability  that  it 
is  the  boiling  point  of  carbon  that  determines  the  temperature 
of  the  crater.  It  might  be  questioned  whether  there  is  energy 
enough  in  the  current  to  do  all  this  work;  but  upon  an  ex- 
travagant estimate  of  the  amount  of  carbon  volatilized  in  the 
crater,  it  appears  that  there  is  more  than  a  hundred  times  as 
much  energy  supplied  by  the  current  as  would  be  required  for 
volatilizing  the  carbon,  even  though  its  latent  heat  were  as 
great  as  the  heat  of  combustion  of  C  into  COs. 

There  is  another  considerable  difficulty  in  the  theory  of  the 
temperature  of  the  crater  being  that  of  boiling  carbon,  arising 
from  the  slowness  of  evaporation.  The  crater  on  mercury  is 
dark;  but  then  it  volatilizes  with  immense  rapidity  and  the 
supply  of  energy  by  the  current  being  more  than  100  times  that 
required  merely  for  evaporation,  there  seems  very  little  reason 
why  even  a  considerable  difiference  in  latent  heat  should  make 
any  sensible  difference  in  the  rate  of  evaporation  of  mercury 
and  carbon,  especially  as,  at  the  same  temperature,  the  diffusion 
of  carbon  vapour  is  nearly  three  times  as  fast  as  that  of  mercury 
vapour  and  the  temperature  immensely  higher. 

We  would,  in  conclusion,  call  attention  to  a  cause  of  opacity 
in  the  solar  atmosphere  that  is  illustrated  by  the  efifect  of  con- 
vection currents  in  the  long  tube  we  were  observing  at  high 
pressures ;  these  convection  currents  behaved  just  like  snow,  or 
any  other  finely  divided  transparent  body  immersed  in  another 
of  different  refractive  index.  light  trying  to  get  through  is 
reflected  backwards  and  forwards  in  every  direction,  until  most 
of  it  gets  back  by  the  way  it  came.  The  consequence  was  that 
even  the  electric  arc  light  was  unable  to  penetrate  the  tube  at 
high  pressure,  when  these  convection  currents  were  active. 
The  only  light  that  came  out  of  the  tube  was  the  feeble  light 
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outside,  which  was  returned  to  us  by  reflection  at  the  surfaces 
of  these  convection  currents.  In  a  similar  manner  we  conceive 
that  any  part  of  the  solar  atmosphere  which  is  at  a  high  pres- 
8ure»  and  where  convection  currents,  or  currents  of  different 
kinds  of  materials,  are  active,  would  reflect  back  to  the  Sun  any 
radiations  coming  from  below,  and  reflect  to  us  only  the  feeble 
radiations  coming  from  interplanetary  space.  In  his  paper  on 
*  The  Physical  Constitution  of  the  Sun  and  Stars  "  (Roy.  Soc 
Ftoc.,  No.  105, 1868),  Dr.  Stoney  called  attention  to  an  action 
of  this  kind  that  might  be  due  to  clouds  of  transparent  material, 
like  clouds  of  water  on  the  Earth,  but  in  view  of  the  high  solar 
temperature  it  seems  improbable  that  any  body,  except  perhaps 
carbon,  could  exist  in  any  condition  other  than  the  gaseous  state 
in  the  solar  atmosphere ;  so  that  it  seems  more  probable  that 
Sun-spots  are  due,  at  least  partly,  to  reflection  by  convection 
streams  of  gas,  rather  than  by  clouds  of  transparent  solid  or 
liquid  particles. 
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DYNAMICAL  UNITS 
[From  iVa^iirtfy^Febniary  16,  1897.] 

Many  of  the  writers  of  letters  on  this  subject  seem  to  have 
forgotten  that  the  question  Prof.  Perry  raised  was  as  to  the 
best  system  of  units  to  use  with  a  class  of  engiiieering  students. 
This  question  is  very  seriously  complicated  by  the  fact  that  all 
their  books,  and  almost  all  their  teachers,  use  a  system  of  units 
which  is  Twt  that  of  the  poimdal,  but  is  essentially  the  one  that 
Prof.  Perry  advocates.  This  is  a  very  serious  fact  that  every 
teacher  of  engineering  students  must  take  account  of,  and  the 
question  is,  "What  system  shall  the  teacher  use  with  engineer- 
ing classes?"  I  entirely  agree  with  Prof.  Perry  in  thinking 
that  it  is  much  better  for  the  teacher  to  accommodate  himself 
to  the  requirements  of  his  class,  than  for  him  to  force  his 
class  to  use  one  system  when  working  for  him,  and  another 
outside  his  class-rooms.  This  latter  plan  tends  to  perpetuate 
the  prevalent  notion  that  science  has  nothing  to  do  with 
practice. 

As  regards  the  question  of  why  students  find  dynamics  and 
the  notion  of  mass  in  particular  so  difficult,  I  do  not  believe 
that  this  is  due  to  any  difficulties  about  various  systems  of 
units.  In  matters  upon  which  their  ideas  are  clear  and 
distinct,  such  as  length  and  time,  the  existence  of  different 
units, — feet,  yards,  miles,  etc.,  minutes,  days,  etc. — ^presents  very 
little  difficulty.  To  British  students  these  varieties  of  units  in 
which  to  measure  the  same  quantity  are  so  familiar  that  they 
naturally  look  upon  varieties  of  units  with  contempt     It  is 
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only  when  the  thing  measured  is  not  clearly  and  diBtinctly 
conceived  that  confusion  and  all  sorts  of  difficulties  arise. 
Hence  the  importance  of  getting  students  actually  to  come 
into  contact  with  the  things  themselves.  Until  a  student 
has  some  ideas  of  density,  acceleration,  eta,  as  things  to 
be  measured,  he  will  be  quite  certain  to  misapply  the  rules 
he  has  learnt  for  dealing  with  the  black  marks  he  makes 
on  a  piece  of  paper,  and  which  he  calls  by  their  names. 
Now  of  all  these  dynamical  quantities,  of  which  students  are 
generally  expected  to  form  clear  and  distinct  ideas  without 
any  actual  experience  of  the  things  themselves,  the  most 
abstruse,  and  the  one  about  which  the  most  metaphysical 
statements  are  made,  is  "quantity  of  matter"  or  ''mass." 
A  priori,  there  is  no  way  by  which  we  can  determine  whether 
a  quantity  of  gold  is  equal  to  a  quantity  of  iron.  In  ordinaiy 
practice  there  are  two  kinds  of  equality  which  are  commonly 
used :  volume  and  weight.  If  I  tell  any  ordinary  man  to  mix 
equal  quantities  of  whisky  and  water,  he  will  mix  equal 
volumes.  It  is  quite  as  common  to  mean  equal  volumes  as 
equal  weights  by  equal  quantities  in  common  language.  When 
a  student  is  told,  as  an  explanation  of  the  word  "  mass,"  that  it 
means  "  quantity  of  matter,"  there  is  an  appeal  made  from  the 
obscure  to  the  more  obscure.  It  Is  a  case  of  huggermugger. 
The  student  thinks  the  teacher  must  have  some  clear  and 
distinct  idea  of  what  he  means  by  "  quantity  of  matter,"  and 
is  ashamed  to  say  that  to  him  it  is  no  explanation  of  mass  to 
call  it  "quantity  of  matter."  Thus  begins  the  demoralisation 
of  the  student.  He  is  demoralised  by  ha\^ng  to  swallow  undi- 
gested a  term  of  which  neither  he  nor  his  teacher  has  a  clear 
and  distinct  idea,  and  he  naturally  coucludes  that  the  whole 
subject  is  one  that  "no  fellow  can  understand." 

If  teachers  and  books  would  give  up  this  metaphysical 
notion  of  "  quantity  of  matter,"  and  would  deign  to  confine 
their  attentions  to  actually  measureable  quantities,  like  volume, 
weight,  and  inertia,  the  student  could  be  given,  by  making 
experiments,  clear  and   distinct  ideas  of  these  properties  of 
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matter  as  actual  quantities  to  be  measured.  Once  he  had 
these  clear  and  distinct  ideas,  a  variety  of  units  for  measuring 
each  of  them  would  not  present  any  serious  difficulty.  That 
the  inertia  of  matter  is  proportional  to  its  weight,  that  th6 
inertia  of  a  body  is  the  same  here  as  in  the  Moon  and  Jupiter-^ 
these  are  most  important  physical  facts  to  be  proved  by  experi» 
ment,  because  we  have  no  other  way  of  ascertaining  them.  It 
is  often  assumed  that  the  inertia  of  a  hot  body  is  the  same  at 
of  the  same  body  when  cold;  but  I  do  not  know  of  any  accurate 
experiments  having  ever  been  made  to  prove  it,  and  I  am  quits 
certain  that  a  great  deal  too  little  is  known  of  the  structure  of 
matter,  and  of  its  relations  with  the  ether,  to  be  able  to  prove 
a  priori  that  the  inertias  are  the  same.  The  suggestion  would 
probably  involve  the  further  suggestion  that  we  could  make  n 
machine  to  utilize  some  of  the  energy  in  the  ether;  but  does 
any  one  profess  to  know  so  much  of  that  remarkable  thing  as 
to  be  quite  certain  that  this  is  impossible  ?  Any  way,  there  is 
no  doubt  that  to  a  considerable  degree  of  accuracy  inertia  it 
a  constant  property  of  a  body,  and  equal  inertias  may  con* 
sequently  be  very  reasonably  considered  as  equality  of  such  a 
very  important  property  of  two  bodies,  that  scientific  people 
are  justified  in  then*  shortly  describing  the  bodies  as  equal, 
which  is  what  they  usually  do,  and  is  all  that  they  can  really 
mean  when  they  speak  of  equal  quantities  of  iron  and  gold. 
Why,  then,  trouble  unfortunate  students  with  the  idea  that 
there  is  some  huggermugger  metaphysical  "quantity  of  matter" 
called  "mass,"  of  which  they  are  supposed  to  have  a  clear 
and  definite  conception  distinct  from  this  equality  of  inertia) 
Why  not  call  it  inertia  when  it  is  inertia  that  is  meant,  and 
drop  out  of  use  that  word  "  mass,"  round  which  such  a  tissue 
of  indistinct  and  obscure  ideas  have  grown,  that  it  is  almost 
hopeless  to  separate  it  from  them  ? 

I  hope  some  word  more  euphonious  than  "slug"  will  be 
found  for  the  imit  of  inertia  on  the  engineer's  system.  I  would 
suggest  "ert"  as  a  term  that  would  easily  recall  the  quantity 
inertia. 
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[From  Naiurt,  Maith  11,  1897.] 

• 

Within  the  moderate  dimensions  of  a  letter  it  is  hard  to  give 
due  weight  to  every  aspect  of  a  complicated  matter,  and  while 
trying  to  emphasise  one  side  I  have  somewhat  overstated  the 
ease,  as  is  evident  from  the  way  in  which  Prof.  Lodge  has  taken 
me  up.  I  was  only  considering  the  teaching  of  elementary 
dynamics  to  engineering  students.  I  do  not  object  to  a  teacher 
explaining  that  inertia  is  such  an  important  constant  property 
of  matter,  that  equality  of  inertia  is  our  definition  of  equal 
quantities  of  matter.  What  I  do  object  to  is  a  common  inver- 
sion of  this,  by  which  equality  of  inertia  is  explained  by  saying 
fliat  the  quantities  of  matter  are  equal.  In  addition,  I  urge 
that  teachers  of  elementary  dynamics  should  call  what  is  usually 
called  mass,  inertia,  so  as  constantly  to  bring  before  the  student 
the  fact  that  this  is  the  property  with  which  the  dynamics  of 
motion  deals.  I  do  not  plead  guilty  in  this  to  confusing  the 
issues.  The  issues  of  Pi'of.  Perry's  review  have  been  overlaid 
with  a  discussion  as  to  one  of  the  greatest  advances  of  modem 
physics,  namely  the  possibility  of  representing  physical  quanti- 
ties by  algebraic  symbols ;  but  I  was  tr}^g  to  recall  the  original 
issue,  as  to  the  way  dynamics  should  be  taught  to  engineering 
students.  Babes  must  be  treated  babyishly,  and  as  long  as 
engineering  students  are  what  they  are  now,  and  have  to  attend 
a  variety  of  lecturers,  and  read  engineering  books  as  they  are, 
I  agree  with  Prof.  Perry  in  recommending  that  the  engineer's 
unit  of  inertia  be  used  by  their  teachers.  I  have  already 
explained  that  a  multiplicity  of  units  is  a  very  minor  difl&culty  to 
those  who  have  once  grasped  what  it  is  that  is  being  measured ; 
but  I  do  think  it  confuses  them,  while  getting  these  ideas,  for 
one  teacher  to  use  one  system,  and  another  another  system, 
and  for  each  teacher  to  call  the  system  of  the  others  by  hard 
names. 
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[From  the  Eleetriciant  June  4,  1897.] 

As  a  contribution  to  the  possible  elucidation  of  Mr.  Swinton's 
interesting  and  beautiful  experiments  on  cathode  rays,  described 
to  the  Eoyal  Society  on  March  11th,  and  published  in  the 
Electrician  of  April  23rd  last  (page  868),  I  would  suggest  they 
are  largely  due  to  the  diflSculty  of  supplying  gas  molecules 
sufficiently  rapidly  to  keep  the  whole  surface  of  the  cathode 
discharging.  After  the  first  discharge  the  supply  of  fresh 
molecules  would  largely  take  place  by  diffusion  from  the  edges, 
the  gas  in  front  having  been  swept  away  by  the  discharge.  As 
fast  as  the  gas  diffused  in  from  the  edges  it  would  be  driven 
off*  by  the  discharge,  and,  in  consequence,  the  discharge  might 
become  a  hollow  cone  as  Mr.'  Swinton  observed. 

In  the  case  of  the  interposed  sector,  it  would  interfere 
with  the  supply  of  gas  over  a  considerably  larger  area  than  it 
actually  covered,  when  close  to  the  cathode,  and  this  again  is 
in  accordance  with  Mr.  Swinton's  observation. 

I  would  further  suggest  that  some  of  the  penetrating  power 
of  cathode  rays  in  gases  may  be  due  to  the  sudden  impulse  over 
a  restricted  area  producing  something  like  a  vortex  ring,  which 
is  shot  out  into  the  surroxmding  gas.  Such  a  motion  might 
penetrate  considerable  distances,  and  may  be  connected  with 
Righi's  extraordinary  experiments  on  phenomena  analogous  to 
globular  lightning  as  generally  described.  Any  wave  motion  of 
very  short  wave-length  would  be  propagated  in  rays,  and  if 
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very  intense  and  accompanied  by  a  powerful  electric  force, 
might  be  the  means  of  carrying  an  electric  charge  forward 
along  with  the  intense  compressions,  the  compression  and 
resulting  high  temperature  enabling  the  charge  to  be  trans- 
ferred from  molecule  to  molecule. 

These  suggestions  are  all  rather  wild  and  not  carefully 
digested,  but  between  all  the  various  suggestions  of  various 
aathorities  we  may  hope  for  light  on  these  very  obscure 
phenomena,  while  we  can  expect  no  help  from  bottled-up 
wisdom,  however  profound.  May  this  be  my  excuse  for 
making  these  crude  suggestions. 
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ZEEMAirS  PHENOMENON 

[From  i^ottifv,  September  16,  1897.] 

In  Section  A  at  the  Toronto  meeting  of  the  British  Association, 
Dr.  Lodge  raised  the  question  as  to  whether  we  should  expect 
on  a  simple  theory  that  the  spectral  lines  should  be  simplj 
widened  or  be  doubled  by  magnetic  force.  The  simple  theoiy 
depends  on  the  acceleration  or  retardation  of  electrons  per- 
forming circular  orbits  under  the  action  of  a  magnetic  force 
normal  to  the  plane  of  the  orbit.  If  the  plane  of  the  orbit 
be  not  normal  to  the  magnetic  force,  it  might  appear  that  the 
acceleration  or  retardation  would  be  only  that  due  to  the  com- 
ponent of  the  force  normal  to  the  plane  of  the  orbit.  From 
this  it  would  follow  that  the  lines  would  be  widc7ied  and  not 
doubled,  because  every  intermediate  acceleration  or  retardation 
would  occur  between  the  extreme  cases  of  orbits  parallel  and 
perpendicular  to  the  magnetic  force. 

This  suggested  theory,  however,  overlooks  the  efifect  of  the 
magnetic  foit^e  in  altering  the  plane  of  the  orbit.  The  com- 
plete theory  can  be  very  much  more  simply  obtained  by 
another  method  of  attack.  The  motions,  being  assumed  simply 
periodic  in  the  undisturbed  motion,  can  be  resolved  for  each 
electron  into  three  linear  vibrations,  two  at  right  angles  to 
the  magnetic  force  and  one  parallel  to  it.  This  latter  is 
undisturbed  and  gives  no  light  in  the  direction  of  the  magnetic 
force.  Each  of  the  other  linear  vibrations  is  disturbed,  and  we 
can  easily  see  how  by  considering  that  a  linear  vibration  may 
be  considered  as  due  to  two  circularly  polarized  vibrations. 
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Eaoh  of  these  component  circular  vibrations  will  be  altered 
hj  the  magnetic  force  normal  to  its  plane,  one  being  simply 
accelerated  and  the  other  retarded.  We  can  consequently  see 
that  this  more  complete  theory  leads  to  the  conclusion  that  the 
lines  would  be  doubled  and  not  widened^  though,  of  course,  they 
may  be  also  widened  owing  to  other  disturbances  of  the  motion. 
There  would  be  no  difficulty  in  writing  down  the  equations  of 
Uie  resulting  motion  of  the  electron  ;*  but  it  seems  hardly 
necessary  to  do  so,  as  this  geometrical  analysis  leads  to  the 
kind  of  vibration  emitted,  which  is  all  that  we  can  observe. 

[*  Cf.  Larmor,  ThU.  Mag,^  Dec.  1807,  or  **iEther  and  Matter,*'  p.  341 ;  also 
9  infra.'] 
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CHANCE   OR  VITALISM 

[From  Nature,  October  6,   1898] 

I  AM  glad  to  see  that  Prof.  Karl  Pearson  has  called  attention 
to  Prof.  Japp's  address  at  Bristol  Only  that  one  does  not  like 
to  criticise  adversely  a  presidential  address,  I  would  at  the  time 
have  pointed  out  the  weakness  in  the  argument  that  Prof.  Pear- 
son criticises.  He  does  not  go  nearly  so  far  in  this  criticism  as 
the  circumstances  warrant.  It  is  conceded  that  right-  and  left- 
lianded  crystals  of  quite  sensible  size  are  produced  sufficiently 
separated  to  be  seen  and  handled  as  separate  crystals.  Now 
assuming,  what  there  is  every  reason  otherwise  to  think  quite 
probable,  that  life  started  from  some  few  centres,  the  chanoes 
are,  not  that  it  was  equally  divided  between  right-  and  left- 
handed  forms,  but  that  one  or  other  of  these  forms  preponderated. 
In  fact,  if  life  started  from  a  single  centre,  it  must  have  been 
either  right-  or  left-handed.  Hence  the  fact  adduced  only  shows 
what  was  otherwise  very  probable,  that  life  started  from  a  small 
number  of  origins,  possibly  only  one. 

Another  reason  for  either  a  right-  or  left-handed  structure 
in  living  organisms  on  the  Earth,  and  one  which  diminishes  the 
force  of  the  foregoing  argument  for  a  small  number  of  origins, 
is  that  it  probably  started  either  in  the  northern  or  in  the 
southern  hemisphere,  and  in  either  case  the  rotation  of  the  Sun 
in  the  heavens  may  be  a  sufficient  cause  for  a  right-  or  left- 
handed  structure  in  an  organism  growing  under  its  influence. 


46o  Asymmetfy  and  Vitalism  [[1898 


86 


ASYMMETRY  AND  VITALISM 

[From  Nature,  November  24,  1898.] 

Pbof.  Japp  has  so  entirely  changed  his  position  that  it  is 
useless  to  attempt  to  follow  him  I  would  desire,  however,  to 
correct  misunderstandings  into  which  he  has  fallen  in  respect 
of  my  contentions  with  reference  to  his  original  position. 

I  did  not  intend  to  suggest  that  life  originated  in  a  crystal- 
line form ;  but  merely  that,  as  living  things  can  now  assimilate 
crystalline  bodies,  the  first  living  organism  may  have  origin- 
ated in  connexion  with  and  by  utilising  a  crystal,  and  that 
the  asymmetry  of  this  original  living  organism  may  have 
been  controlled  by  the  accidental  asymmetry  of  the  original 
crystal 

Once  life  began,  I  presume  it  descended,  as  it  does  now,  by 
section  and  so  forth ;  and,  as  I  cannot  follow  Prof.  Japp's 
diiBficulties  as  to  a  particular  asymmetrical  system  breeding  the 
like,  I  cannot  see  how  the  intervention  of  intelligence  is  required 
for  its  propagation,  any  more  than  for  the  growth  of  a  particular 
asymmetrical  crystal,  once  it  is  started. 

This  preponderating  influence  of  the  parent  entirely  explains 
the  other  misunderstanding  Prof.  Japp  has  fallen  into.  I  never 
suggested  that  the  rotation  of  the  Sun,  probably  a  very  feeble 
cause,  could  make  a  seed,  with  its  impressed  asymmetry,  grow 
into  a  tree  with  a  different  asymmetry  merely  by  bringing  the 
seed  from  the  northern  to  the  southern  hemisphere.  All  I 
suggested  was,  with  reference  to  Prof.  Japp's  original  position. 
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that  at  the  trrigin  of  life  the  first  living  organism  may  have 
been  given  a  particular  asymmetry  by  its  having  been  pro- 
duced in  one  or  other  hemisphere.  A  cause  which  may  have 
been  quite  sufficient  to  give  this  asymmetrical  bias  during 
the  time  of  origination,  may  be  quite  inadequate  to  pix}duoe 
a  change  in  the  bias  once  it  has  been  given.* 
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DIFFUSION  IN  RELATION  TO  WORK 

[From  Katur$f  November  10.  1898.] 

In  this  month's  Philosophical  Magazine  Mr.  A.  Griffiths  has 
an  interesting  paper  on  diffusion  convection,  in  which  he  suggests 
an  indirect  method  of  measuring  rates  of  diffusion  of  liquids, 
and  concludes  with  the  following  deduction  from  the  fact  that 
diffusion  sometimes  produces  convection  currents  and  sometimes 
does  not : — "  Does  not  this  indicate  that  the  heat  produced  on 
mixing  a  solution  with  water  depends  on  how  the  mixing  takes 
place  ?  Is  the  matter  connected  with  a  sort  of  surface-tension 
existing  in  the  spaces  between  a  strong  and  a  weak  solution  ?  " 
Mr.  Griffiths  does  not  seem  to  have  observed  that  his  investi- 
gation applies  quite  well  to  gases  as  to  liquids,  and  that  his 
indirect  method  of  measuring  rates  of  diffusion  is  applicable  to 
gases.  In  the  case  of  gases  there  can  be  [no]  sensible  surface- 
tension,  and,  as  the  theory  of  diffusion  in  gases  is  quite  simple, 
there  is  no  serious  difficulty  in  seeing  how  there  is  a  difference 
between  different  ways  of  mixing  them. 

[*  The  products  of  the  two  hemisphereB  are  now  alike  as  regards  asymmetry, 
spirality  of  tendiils  in  plants,  eUuj 


462  Diffusion  in  Reialian  to  Work  [189S 

It  is  generally  known  that  two  different  gases  may  be  niixc>i 
either  by  irreversible  or  by  at  least  partially  reversible  processes. 
They  may  be  allowed  to  dififuse  freely  into  one  another,  or  may  \k 
separated  by  a  porous  partition.    In  the  latter  case  a  consider- 
able difference  of  pressure  may  be  produced  between  differeiii 
parts  of  the  space  containing  them,  and  this  difference  of  pressure 
can  be  used  to  do  work    The  final  condition  in  this  case  is,  <>\ 
course,  cooler  than  if  the  gases  did  no  external  work.    In  die 
same  way  a  solution  diffusing  into  water  may  do  so  without 
doing  external  work,  or  it  may  do  so  by  a  reversible  process, 
through  a  semi-permeable  diaphragm,  producing  considerab! 
differences  of  pressure,  which  may  be  used  to  do  work.     Th* 
final  condition  in  this  latter  case  would,  of  course,  be  cooler  than 
in  the  former  case  of  inter-diffusion  without  doing  external  work 
Now  whenever  convection  currents  are  produced,  these  are  i« 
some  extent  reversible.    We  might  put  vanes  into  the  liquid  t^ 
be  moved  by  the  currents  and  to  do  work  outside  the  liquid, 
and  by  reversing  this  we  would  reverse  the  convection  currents. 
Hence  any  method  of  mixing  in  which  convection  currents  air 
produced,  which  do  work  or  produce  heat  outside  the  liquid, 
will  necessarily  produce  less  heat  in  the  liquid  than  a  methoii 
of  mixing  in  which  there  are  either  no  convection  currents,  01 
these  produce  heat  by  viscous  flow  inside  the  liquid. 

That  we  can,  at  pleasure,  either  use  the  diffusion  of  tw^ 
gases  into  one  another  to  do  external  work  or  not,  is  really  not 
different  from  the  case  of  a  single  gas  expanding  into  a  largo 
volume.  We  may  do  work  by  this  expansion  and  cool  the  gas. 
or  we  may  allow  the  gas,  as  in  Joule's  experiments,  to  expand 
into  a  larger  volume  without  doing  external  work,  and  in  this 
case  there  is  only  a  very  small  change  of  temperatura 

In  these  cases  it  is  a  question  of  change  of  entropy  in  the 
system,  which  can  either  be  effected  by  an  irreversible  proces- 
in  which  no  work  is  done,  or  by  a  variety  of  other  process^.- 
more  or  less  reversible,  in  which  the  more  reversible  they  ai* 
the  more  work  can  be  done.  In  the  case  of  producing  con  vim  - 
tion  currents,  or,  in  general,  of  diffusion  of  a  heavy  fluid  upward- 
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into  a  lighter  one,  the  amount  of  heat  produced  would  not  be 
exactly  the  same  as  if  gravity  were  not  acting :  the  centre  of 
gravity  of  the  system  is  raised  by  diffusion.  Now  in  Mr. 
Griffiths'  case,  and  in  the  case  of  diffusion  currents  generally, 
this  raising  of  the  centre  of  gravity  takes  place  throughout  part 
of  the  space  considered,  by  diffusion,  and  the  centre  of  gravity 
is  continually  falling  down  again  in  the  convection  currenta. 
Hence  the  work  that  can  be  done  by  the  convection  currents  is 
part  of  the  work  that  was  done  by  diffusion  against  gravity. 
In  the  case  of  diffusion  without  convection  currents,  we  might 
use  the  whole  of  this  work  done  against  gra\'ity,  by  which  the 
centre  of  gravity  of  the  system  has  been  raised,  to  do  external 
work.  If,  for  example,  the  containing  vessel  were  supported 
at  its  centre  of  gravity,  in  the  unmixed  condition,  the  centre  of 
gravity  would,  after  diffusion,  be  above  the  point  of  support,  and 
the  vessel  and  its  contents  might  be  arranged  to  turn  roimd  the 
support  doing  work  during  the  fall  of  the  centre  of  gravity  to 
its  original  level  Another  way  of  utilising  the  rise  is  to  allow 
the  fluid  to  flow  into  another  broader  vessel  until  its  centre  of 
gravity  has  returned  to  the  original  level.  The  thing  to  be 
specially  observed  is,  that  the  amount  by  which  the  centre  of 
gravity  is  raised  depends  entirely  upon  the  shape  of  the  vessel. 
If  it  be  tall,  the  centre  of  gravity  will  be  raised  a  great  deal ; 
while  if  it  be  low,  the  centre  of  gravity  will  be  only  slightly 
raised.  By  causing  diffusion  to  take  place  in  a  tall  thin  vessel 
the  final  temperature  will  be  lower  than  in  a  broad  low  one,  not 
on  account  of  any  superficial  tensions,  but  on  account  of  the 
work  done  against  gra^ity.  In  Mr.  Griffiths'  method  diffusion  is 
continually  taking  place  along  tall  thin  vessels,  with  convection 
currents  lowering  the  centre  of  gravity  again  by  flow  into  broad 
ones. 
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NOTE  ON  THE  CONNEXION  BETWEEN  THE  FARIDAY 
ROTATION  OF  PLANE  OF  POLARIZATION  AND  THE 
ZEEMAN  CHANGE  OF  FREQUENCY  OF  LIGHT  VIBRA- 
TIONS IN  A  MAGNETIC  FIELD  * 

[From  the  Frwi$dinga  of  tin  Boyal  8oei$ty^  Vol.  63. 
Baoeived  March  2»  1898.] 

The  rotation  of  the  plane  of  polarization  of  light  in  a  magnetic 
field  is  due  to  the  velocity  of  propagation  of  light  circularly 
polarized  in  one  direction  being  different  from  that  of  light 
circularly  polarized  in  the  opposite  direction.  The  Zeeman 
effect  is  due  to  a  difference  in  the  frequency  of  vibration 
of  these  circularly  polarized  waves.  What  is  required  is  to 
connect  the  frequency  of  vibration  with  the  velocity  of  pro- 
pagation.! 

All  modern  theories  of  dispersion  connect  these  two  quanti- 
ties. The  velocity  of  propagation  of  light  in  transparent  media 
is  now  universally  considered  to  be  determined  in  part  by  what 

*  Being  notes  of  a  contribution  to  the  discussion  of  Mr.  Preston's  paper,  read 
January  20,  1898. 

t  From  an  abstract  of  a  paper  by  M.  Becquerel,  in  the  Comptet  Rendui  of 
last  year,  I  understand  him  to  view  the  Faraday  effect  as  due  to  a  carrying  round 
of  the  light  Tibrations  by  matter  rotations.  This  is  quite  in  accordance  with  the 
Tiew  sometimes  held  as  to  refraction,  namely,  that  it  is  due  to  the  wares  being 
propagated  through  the  molecules  more  slowly  than  through  the  ether.  The 
dynamical  theory  of  these  views  is  difficult  on  account  of  the  smallness  of  the 
molecules  in  comparison  with  the  length  of  the  waves.  M.  Becquerers  view,  as  I 
understand  it,  makes  the  Faraday  e£Pect  depend  on  a  change  of  frequency  of  rota- 
tion of  the  waves  in  matter  rather  than  on  their  velocity  of  propagation,  and  is 
consequently  quite  at  variance  both  with  the  commonly  received  theory  and  with 
the  one  put  forward  in  this  note. 
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may  be  called  the  syntony  of  the  matter  and  light  vibrations, 
and  is  consequently  dependent  on  the  frequency  of  the  matter 
vibrations.  In  most  substances  the  dispersion  is  controlled 
within  the  visible  spectrum  by  a  great  absorption  band  in  the 
ultra-violet,  this  band  representing  a  possible  frequency  of 
vibration  of  the  molecules,  t.e.  of  that  part  of  the  molecules 
which  affects  the  ether,  be  it  electrons  or  something  which 
simulates  the  actions  ascribed  to  electrons.  If  owing  to  any 
cause  this  absorption  band  be  changed  in  position,  t.  e.  the 
frequency  of  the  molecular  vibrations  be  altered,  the  dispersion 
of  the  medium  will  be  changed,  and  with  it  the  velocity  of 
propagation  of  light  within  the  visible  spectrum.  Now  Zeeman 
has  shown  that  in  a  magnetic  field  the  frequency  of  vibration 
of  molecules  producing  light  circularly  polarized  in  one  direction 
is  different  from  that  of  molecules  prodttcing  light  circularly 
polarized  in  the  opposite  direction,  and  that  consequently  tho 
absorption  bands  for  molecules  in  a  magnetic  field  for  oppositely 
circularly  polarized  waves  will  differ.  Hence  we  conclude  that 
the  velocities  of  propagation  of  oppositely  polarized  waves  within 
the  visible  spectrum  will  differ,  and  that  is  the  Faraday  effect. 
Hence  these  two  phenomena  are  directly  connected  with  one 
another,  independently  of  any  other  than  general  dispersion 
theory,  i.e.  independently  of  any  theory  of  electrons,  such  as 
Lorentz  has  shown  will  explain  the  Zeeman  effect.  If  we 
introduce  such  a  theory,  and  use  it  to  explain  the  Faraday 
effect  upon  the  lines  now  laid  down,  we  arrive  at  the  interest- 
ing conclusion  that  before  the  Zeeman  effect  was  observed  the 
Faraday  effect  would  have  shown  that  in  the  majority  of  sub- 
stances we  must  assume  the  ether  vibrations  to  be  due  to  the 
motion  of  a  negative  electron.  In  substances  with  a  negative 
Faraday  effect,  such  as  some  magnetic  bodies,  we  may  conclude 
either  (a)  the  ether  vibrations  are  due  to  a  positive  electron,  or 
(b)  the  absorption  band  controlling  the  dispersion  is  in  the 
ultra-red,  or  (c)  the  cause  of  the  Faraday  effect  may  be  due 
rather  to  a  difference  of  intensity  of  the  absorption  band  for 
oppositely  circularly  polarized  vibrations  than  to  a  difference 

2H 
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ol  frequency.  This  latter  alternative  is  in  some  ways  the  moet 
oonsonant  with  the  usual  theory  as  to  the  difference  between 
paramagnetic  and  diamagnetic  bodies. 

If  we  proceed  to  calculate  what  amount  of  Faraday  effect 
might  be  expected  from  the  observed  value  of  the  Zeeman 
effect,  we  are  met  by  the  difficulty  of  obtaining  data.  We 
require  to  know,  for  some  one  or  more  substances,  the  amount 
of  the  Zeeman  effect,  the  amount  of  the  Faraday  effect,  and 
the  ordinary  dispersion  of  the  substance  for  light.  The  only 
gas  (and  it  is  only  in  gases  that  the  Zeeman  effect  has  been 
observed)  for  which  the  dispersion  and  Faraday  effect  are 
well  ascertained,  is  air,  and  for  it  the  amount  of  the  Zeeman 
effect  has  not  been  published.  In  preparation,  however,  for  the 
data,  it  may  be  interesting  to  write  down  shortly  the  equations 
which,  upon  Lorentz's  theory  as  to  the  cause  of  the  Zeeman  effect 
and  Larmor's  theory  as  to  dispersion,  we  may  expect  to  hold.* 

Assuming,  then,  that  the  electric  displacement  in  the  medium 
is  partly  due  to  the  electric  force  and  partly  to  the  displacement 
of  electrons,  we  may  write  for  its  components  in  the  wave  face 
supposed  plane  and  perpendicular  to  ?  »  0, 

K  K 

/  =  —  P  +  Near,    ^  =  4^  Q  +  N<5y, 

where  P,  Q  are  electric  force,  e  the  electron,  and  x,  y  are  coordi- 
nates that  measure  the  displacement  of  this  latter.  From  these 
and  the  usual  eq^iiations  connecting  magnetic  and  electric  forcef 
we  get  for  the  medium 

KP  +  47rNeiJ  =  ^,  KQ  +  47rN^y  =  ^. 

dr  CLT 

♦  Larmor,  ThxU  Tram,  A,  1897. 

[t  Namely,  the  circuital  relations  which  in  thii  case  become 

d^  da 

A-rn  =  ~  7-,  4irf  =  —, 

(u  az 

and 

_da_     rfCl  ^^{^ 

di~"~dz'      '  dt  ~  Tz' 

The  factor  4«'  has  been 'inserted  throughout  the  text ;   also  X,  the  number 
electrons  per  unit  volume.     In  the  text  K  is  the  dielectric  coefficient  of  the  ethe 
when  deroid  of  matter.] 
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For  the  inotion  of  the  matter,  if  m  be  the  mass  of  whatever 
moves  with  the  electron,  matter  or  effective  inertia  of  ether,  and 
H  be  the  component  of  the  impressed  magnetic  force  normal  to 
the  wave,  and  h  the  coefficient  of  restitution  of  the  matter- 
displacement  which  controls  its  free  period, 

m*  +  fee  -  «P  +  eHy,  my  +  A:y  «  eQ  -  «Hi, 

It  is  to  be  observed  that,  if  we  assume  the  motion  periodic, 
these  equations  can  be  reduced  to  the  form  that  Drude*  and 
Leathemf  have  shown  to  lead  to  results  that  agree  with  the 
observations  on  the  effects  of  magnetized  media  on  the  trans- 
mission  and  reflection  of  light. 

If  we  substitute  in  these  equations  what  obviously  solves 
them,  the  equations  of  a  right-  or  left-handed  circularly  polar- 
ized wave  of  frequency  n  =  p/27r,  and  wave-length  A  =  2ir/j,  and 
whose  amplitude  in  x  and  y  is  «,  and  in  P  and  Q  is  A,J  we  get 

(KA  +  47rNea);)«  =  Aj», 
a(7np'  ±  eE[p  -  U)  +  eA  =  0. 

If  we  substitute  mjp^  for  ft,  where  f^  is  a  measure  of  the 
frequency  of  the  free  period  corresponding  to  the  forces  te,  Ay 
which  have  been  assumed  above  to  control  the  motion  of  the 
electron,  we  get  for  the  velocity  of  propagation  ^/j  «  V, 

V-»  =  K  +  47rNe^,     and     ^  "^ 


A     m(|?'  -  f^)  ±  tK'p 

These  enable  us  to  calculate  the  dispersion  of  the  substance  in 
terms  of  the  difference  of  velocity  of  propagation  of  waves  of 
oppositely  circularly  polarized  light. 

To  get  approximate  formulae  in  terms  of  quantities  that  can 
be  observed,  we  have  the  refractive  index  /u  =•  V^^,^'^,  where  V^ 
is  the  velocity  in  vacvo,  and  p  «  2a-V/A.     Assuming  that  \/X 

•  JFied,  Ann,,  1896.  f  PAO.  Trans.  A,  1897. 

[J  So  that  x-^tym  a^'^\    P  +  »Q  «  Af*^"«*-.] 

2  H  2 


468  Light  Vibrations  in  a  Magiutic  Field:      [1898 

is  small,  ie.  that  the  dispersion  is  due  to  an  absorption  band 
far  up  in  the  ultra-violet,  we  get,  writing  p  for  e/m,* 

'^     ^'^iir'V^STr'VX^- 
The  second  term  on  the  right-hand  side  of  this  equation  gives 
the  ordinary  dispersion,  while  the  third  term  gives  the  Faraday 
rotation.    The  first  term  /n^  is  given  by 

Mo  "-«^^o  +^^' 

and  is,  as  Mr.  Lannor  has  pointed  out,  composed  of  two  parts, 
the  first  being  essentially  refraction  and  the^second  dispersion. 

In  the  case  of  air,  it  is  possible  to  compare  this  equation 
roughly  with  observation.    The  equation  is  of  the  form 

a      a    fXL 

We  may  estimate  a  from  the  dispersion  in  air,  and  it  is  approxi- 
mately 1-8  X  10-". 

[*  The  exact  equation  appears  to  be 

,.-i=4,N,,^:(i±,Hj,-g)-'. 

where  \  «  ^litStiltkp ;  giying  approximatelv  when  Ao/\  is  smaU,  and  the  square  of 
the  effect  of  H  is  neglected. 

Of  this  the  term  independent  of  H  gires  the  ordinary  refraction  and  dispersion, 
while  the  term  inrolying  H  represents  the  Faraday  rotation.  The  first  two  tenns 
are  what  is  denoted  in  the  text  by  ^^,  giTing  the  index  for  very  long  waves ;  this, 
howerer,  arises  from  the  statical  refraction  alone,  the  terms  inyolving  x~^  being  the 
dispersional  part  of  y?"  which  depends  on  syntony  in  the  molecule. 

In  the  formula  for  air  {infra) ^  which  is  correct  as  it  stands,  the  assumed  single 
syntonic  waTc-length  Ao  is  given  by  aAo'*  =  /xo'  -  1. 

For  a  treatment  based  on  generalized  dynamics  of  a  more  complicated  molecule, 
and  for  references  to  recent  advances  in  this  subject,  cf .  Larmor,  *'  JSthcr  and 
liatter,**  1900,  Appendix  F.] 
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The  equation*  gives  for  the  two  absorption  bands  that  exist 
in  the  magnetic  field,  instead  of  the  single  one  p^p^ 

Po  'Pi  =  PPi  H,  Po*  -1^2'  =  -  PftH, 

therefore  Pi^Pi"  pH. 

So  that,  if  Sjt)  be  the  difference  of  frequency  for  unit  magnetio 
force, 

8p  -  p. 

Hence,  for  the  difference  of  refractive  index  of  the  two 
circularly  polarized  rays,  we  have 

^       a  pK       a   ip   ^ 

Assuming,  what  is  certainly  not  accurately  true,  that  p  is  the 
same  for  all  lines,  and  taking  that  l^Ir.  Preston's  estimate  for  some 
lines  of  Zn  applies  to  oxygen,  namely,  that  1  Angstrom  unit 
change  of  wave-length  is  produced  by  a  field  of  20,000  C.G.S. 
units  of  magnetic  force,  we  get 

Sm  -  4  X  10-'*. 

The  observed  rotation  in  oxygen  gives  a  value  for  this  of 
3*5  X  10''\  so  that  it  is  about  equal  to  the  calculated  valua 

The  discrepancy  may  be  due  to  the  fact  that  p  is  not  the 
same  for  all  spectral  lines,  and  we  could  not  reasonably  expect 
to  get  an  accurate  result  by  assuming  that  the  Zeeman  effect  in 
zinc  can  be  used  in  calculating  the  Faraday  effect  in  oxygon. 
On  the  whole  I  think  the  calculation  shows  that  what  must 
be  a  vera  causa  for  a  Faraday  effect  is  the  whole  cause  of  it 
From  the  mere  fact  that  rotatory  polarization  is  approximately 
inversely  as  the  square  of  the  wave-length  and  consequently 
vanishes  for  long  waves,  it  follows  that  it  is  essentially  a 
dispersion  phenomenon. 

[*  At  the  absorption  bands  fi  is  infinite,  or  V  vanishes,  so  that  Afa  on  thw 
last  page  Tanishes ;  and  pi,  j>2  are  the  roots  of  the  equation  thus  obtained.] 
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CONYEBSE  OF  THE  ZEEMAN  EFFECT 

[From  JTuturtf  January  6, 1899.] 

I  HAVE  not  seen  it  noticed  that  a  converse  action  to  the 
Zeeman  effect  should  exist  A  radiating  atom  in  a  magnetio 
field  gives  out  circularly-polarized  light.  A  circularly-polarized 
beam  of  light  should  cause  a  directed  rotation  of  the  electrons, 
so  that  the  absorbing  gas  should  be  magnetized  and  exhibit 
magnetic  force.  If  all  the  molecules  in  a  c.c.  of  gas  were  caused 
to  rotate  their  electrons  in  the  same  direction,  it  would  possess 
quite  a  considerable  magnetic  moment  It  is  very  improbable 
that  the  action  of  a  circularly-polarized  beam  of  light  would 
control  the  motions  to  such  an  extent  as  that;  but  it  is  quite 
possible  that,  if  a  circularly-polarized  beam  of  sunlight  were 
passed  through  a  strongly-absorbing  gas,  it  would  magnetize 
it  to  an  observable  extent.  The  same  effect  would  probably 
exist  in  any  medium  in  which  absorption  was  principally  due 
to  syntony  and  not  mostly  due  to  viscous  actions.  Hence  I 
would  expect  some  effect  with  absorbing  substances  like 
fuchsine.  It  is  doubtful  whether  lampblack,  iron,  or  other 
metals,  have  a  sufficiently  syntonous  absorption  to  exhibit 
the  effect 

My  assistant,  Mr.  Thrift,  is  engaged  in  trying  the  experi- 
ment, but  in  the  meanwhile  I  thought  it  might  be  of  general 
interest  to  point  out  that  such  an  effect  should  exist 
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EXPERIMENT  TO  ILLUSTRATE  THE  ZEEMAN  EFFECT 

[From  Natun,  Utarch  30,  1899.] 

An  interesting  dynamical  illustration  of  the  Zeeman  effect  may 
be  made  by  fixing  a  gyroscope  so  that  its  axis  of  rotation  is 
the  line  of  suspension  of  a  pendulum  bar  so  suspended  as  to 
be  capable  of  \dbrating  in  any  plane.  When  the  gyroscope  is 
rotating,  the  plane  of  vibration  of  the  pendulum  rotates  with 
a  precessional  motion ;  and  when  the  pendulum  is  caused  to 
vibrate  in  a  circular  path  its  rate  of  description  of  its  orbit 
depends  on  its  direction  of  rotation  round  its  orbit  The 
analogy  to  the  Zeeman  effect  would  make  the  rotation  of 
the  gyroscope  correspond  to  the  imposed  magnetic  force,  and 
the  motion  of  the  pendulum  to  that  of  the  electrons.  The 
explanation  of  the  motion  by  the  properties  of  a  gyroscope 
is  pretty  obvious.  It  may  be  a  matter  for  further  considera- 
tion whether  there  are  analogies  between  the  length  of  the 
pendulum,  and  its  precession  when  describing  elliptic  orbits, 
and  the  Zeeman  effects ;  the  ordinary  elliptic  precession  cone- 
spending  to  such  a  phenomenon  as  the  double  sodium  line. 

[From  Kaiure,  April  13,  1899.] 

Prof.  A.  Gray  has  kindly  called  my  attention  to  his  Royal 
Institution  lecture  of  April  29, 1898,  in  which,  nearly  a  year 
ago,  he  pointed  out  the  analogy  between  a  pendulum  with  a 
gyrostat  in  its  bob,  and  the  molecule  of  a  gas  vibrating  in  a 
magnetic  field,  which  I  called  attention  to  in  my  recent  letter. 
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OW  A  HTDRODTNAmCAL  HYPOTHESIS  AS  TO  ELECTRa 

MAGNETIC  ACTIONS 

[From  the  Seientifie  Proeeedingi  of  the  Royal  Lublin  Soeiiiy. 

Re«d  December  12,  1899.] 

For  many  years  I  have  been  advocating  the  hypothesis  that 
the  ether  is  of  the  nature  of  a  fluid  full  of  vortical  motion, 
and  that  electromagnetic  actions  are  due  to  particular  arrange- 
ments of  this  motion,  which  is,  in  general,  irregular  or  at  least 
undirected. 

Some  years  ago.  Lord  Kelvin,  at  a  meeting  of  the  Britisli 
Association,  and  subsequently  in  the  Phil.  Mag,,  ser.  v.,  1887, 
vol.  xxiv.  p.  342,  published  an  investigation  as  to  a  possible 
transference  of  laminar  wave  disturbance  through  a  turbulent 
liquid.  He  was  not  satisfied  with  the  investigation,  principally, 
I  believe,  because  it  presupposed  that  there  would  be  inappreci- 
able diffusion  of  motion.  I  am,  however,  inclined  to  think  that, 
if  a  liquid  become  turbulent  by  drawing  out  and  twisting 
together  long  thin  vortices,  the  rate  of  translation  of  the 
vortex  cores  would  ultimately  become  very  slow,  and  that 
the  consequent  diffusion  of  motion  would  become  slower  and 
slower  as  time  went  on,  and  the  turbulence  become  more  and 
more  fine-giained.  This  result  follows  from  the  continual 
drawing  out  of  the  vortex  filaments  by  their  tangling  with  one 
another.  In  being  thus  drawn  out,  their  energy  of  circulation 
is  continually  being  increased;  and  as  the  total  energj'-  per 
unit  volume  of  the  fluid  must  remain  constant,  it  follows  that 
the  energy  of   translation   of  vortex  core  would  continually 


1899]  as  to  Electromagnetic  Actions  473 

diminish.  Hence  there  seems  to  me  every  reason  to  believe  that 
wave  disturbance  can  be  propagated  withinsuch  a  turbulent  liquid. 

Subsequently  Lord  Kelvin  showed  {Royal  IHsk  Acad.  Proe,, 
ser.  m.,  1889,  vol.  L  p.  340)  how  to  calculate  a  stable,  steady 
motion  for  a  hollow  vortex  surrounded  by  a  tore  round  which 
the  liquid  was  circulating,  and  concluded  that  it  would  be 
possible  to  fill  space  with  a  series  of  approximately  straight 
hollow  vortex  filaments  which  would  be  in  stable  steady  motion. 
This  seems  to  finally  dispose  of  the  objection  that  dififusion  of 
vortices  must  take  place,  at  least  in  the  case  of  hollow  vortices ; 
and  by  making  the  vortex  filaments  sufficiently  fine,  the  space 
might  be  filled  with  full  vortices  whose  rate  of  difiusion  could 
be  made  as  slow  as  necessarj^  to  explain  the  ether,  even  if  it 
could  be  shown  that  such  an  arrangement  of  full  vortices  would 
not  be  stable. 

What  I  now  desire  to  call  attention  to  is  a  hypothesis  as  to 
the  nature  of  the  wave  motion  which  can  be  transmitted  by  a 
system  of  vortex  filaments. 

A  vortex  filament  can  have  a  spiral  wave  superposed  upon 
it.  The  irrotational  motion  in  the  neighbourhood  of  this  screw 
will  be  essentially  the  same  as  the  distribution  of  magnetic  force 
near  a  similar  spiral  wire  carrying  an- electric  current.  There 
will  be,  on  the  whole,  a  flow  along  the  inside  of  the  spiral,  but 
the  motion  of  the  fluid  is  complex.  It  could,  however,  be  defined 
by  a  vector,  whose  direction  w*as  parallel  to  the  axis  of  the 
spiral,  and  whose  magnitude  was  measured  by  the  squaie 
root  of  the  mean  square  of  the  additional  energy  per  unit 
length  of  the  moving  fluid  above  that  of  the  undisturbed 
vortex.  If  then  a  space  were  filled  with  spiral  vortices,  all 
parallel  to  a  given  line,  and  causing  flow  in  the  same  direc- 
tion, there  would  be  an  increase  in  the  energy  per  unit 
volume  which  could  be  measured  by  the  square  of  a  vector,  say 
E,  There  would  be,  on  the  whole,  a  flow  of  fluid  along  the 
axes  of  these  spiral  vortices.  Now,  consider  the  case  of  a 
single  spiral  vortex  surroimded  by  other  parallel  straight  ones. 
These  latter  would  not  stay  straight.    They  would  be  bent  by 
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the  action  of  their  spiral  neighbour,  and  spiral  waves  would  be 
set  up  along  them.  How  can  we  describe  this  transference  of 
spirality  from  one  vortex  to  one  of  its  neighbours  ?  It  depends 
upon  two  vectors — one  the  vector  parallel  to  the  axis  of  the 
spiral,  and  the  other  a  vector  perpendicular  to  the  two  vortices. 
The  vector  then  defining  the  transference,  being  itself  defined 
by  two  rectangular  vectors,  must  be  a  vector  perpendicular  to 
bothy  t.  e.  must,  in  the  case  of  a  spiral  vortex  surrounded  by 
others  which  it  is  setting  in  motion,  be  distributed  in  circles 
round  the  spiral  vector.  What  will  the  magnitude  of  this  new 
vector  depend  *on,  and  how  can  we  define  it  further  ?  Its 
magnitude  will  depend  on  how  fast  the  spirality  is  being  lost 
by  the  original  spiraL  If  we  call  this  new  circularly  distrib- 
uted vector  H,  and  make  its  magnitude  such  that  its  square  is 
equal  to  mean  energy  of  this  new  motion,  then,  assuming  wave 
propagation,  we  get,  on  account  of  the  relation  of  direction 
between  E  and  H,  and  of  their  velocities  being  small  compared 
with  the  irregular  motions  already  existing  (so  that  we  can 
assume  them  to  be  superposable  linearly),  that  H  must  depend 
linearly  on  E\  thus 

where  -4  is  a  quantity,  a  velocity  depending  on  the  structure  of 
the  medium,  i,  e.  depending  on  the  nature  of  the  turbulency  in 
the  undisturbed  ether. 

If  we  now  can  assume  that,  in  the  general  case,  the  energy 
of  the  medium  is  the  sum  of  its  energies  due  to  these  two 
vectors,  which,  so  far  as  they  afiect  one  another,  are  at  right 
angles  to  one  another,  then  we  can  write  for  the  energy  per 
unit  volume  of  the  ether 

From  this,  and  the  principle  of  conservation  of  energy,  we 
can  conclude  that 

H-^-AVVE\ 
and  from  these  that  * 

/SVJ^-O,  andiSfVfl'.O, 
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80  that,  if  at  any  time  SVE  «  0,  and  SVH  -  0,  they  will 
continue  so. 

Now,  these  are  the  fundamental  equations  of  wave  propaga- 
tion in  the  ether,  and  it  only  remains  to  explain  wherein  electric 
charges  consist  upon  this  hypothesis. 

If  we  consider  a  point  on  a  spiral  vortex,  and  suppose  that 
the  spirality  is  so  arranged  that  on  both  sides  the  flow  of  fluid 
within  the  coils  is  away  from  this  point,  then  the  spirality  on 
one  side  of  the  point  must  be  a  right-handed  screw,  and  on  the 
other  side  a  left-handed  screw.  Now,  a  point  of  this  kind  would 
be  unique  in  the  vortex.  It  would,  so  far  as  the  fluid  outside 
the  vortex  coils  was  concerned,  be  a  sort  of  source  from  which 
fluid  was  flowing  in  all  directions.  This  flow  would,  at  a  short 
distance  from  the  source,  be  extremely  slow,  and  the  action 
between  such  points  with  their  vortex  spirals  would  be  almost 
entirely  confined  to  the  actions  already  described  between  the 
spirals  and  the  accompanying  flows  within  and  near  them.  On 
this  hypothesis  these  vortex  spirals  would  be  representatives  of 
the  Faraday  lines  of  force. 

The  hypothesis  here  put  forward  very  tentatively  does  not 
include  any  supposition  as  to  the  nature  of  matter,  nor  as  to 
how  the  singular  points  that  i-epresent  electric  charges,  or 
electrons,  can  be  connected  with  matter.  At  the  same  time 
it  goes  some  way  towards  showing  that  the  hypothesis — that 
the  ether  is  a  turbulent  liquid — ^has  great  possibilities  under- 
lying it. 

In  -explanation  of  the  above,  it  may  be  well  to  state  clearly 
the  assumptions  underlying  it.  It  is  assumed  that  the  spirality 
described  is  propagated  unchanged  as  a  wave.  This  is  justified 
by  pointing  out  that  this  spirality  is  essentially  the  laminar 
motion  investigated  by  Lord  Kelvin,  because  it  involves  a  flow 
in  the  direction  of  the  axis  of  the  spiral,  and  such  a  flow  cannot 
take  place  along  the  direction  of  a  vortex  filament  without  a 
spiral  deformation  of  a  filament  Lord  Kelvin  illustrated  h£9 
theorem  by  reference  to  a  system  of  vortex  rings  which  would, 
however,  diffuse  among  one  another  in  a  way  that  was  contrary 
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to  one  of  his  fundamental  assumptions :  while  I  am  citing,  as 
an  example  of  his  theorem,  the  case  of  infinite  approximately 
straight  vortex  filaments  which  he  has  shown  might,  certainly 
if  empty,  exist  in  steady  motion  in  presence  of  one  another. 

It  has  further  been  assumed  that,  initially,  S  VE  »  0.  This  may 
be  justified  as  follows : — If  we  assume  that,  initially,  the  singular 
points  are  points  from  which  a  large  number  of  long  spirals  pro- 
ceed in  various  directions,  it  is  evident  the  same  number  must 
enter  as  leave  any  surface  which  does  not  surround  one  or  more 
of  these  singular  points,  and  that  the  excess  of  those  enterin«4 
above  those  leaving  will  be  a  measure  of  the  number  of  their 
singular  points  within  the  surface.  Calling  this  latter  p,  per 
unit  volume,  we  get  at  once  SVE  -  4irp,  initially.  Where 
p  =  0,  we  have  SVE  -  0 ;  and  as  SVE  «  0  at  all  these  points, 
we  see  that,  even  though  the  original  distribution  in  long 
spirals  reanranges  itself  among  the  surrounding  vortices,  never- 
theless SVE  will  continue  to  vanish  at  all  these  places  where 
there  are  no  singular  points. 

It  may  also  be  worth  while  calling  attention  to  the  method 
of  analysis  used  in  this  note.  I  have  taken  a  vector  E,  to 
represent  the  various  very  complex  and  undescribed  movements 
accompanying  the  spirality  described,  and  the  vector  JT  to  repre- 
sent the  still  less  clearly  described  movements  accompanying 
the  propagation  of  E.  This  may  seem,  at  first  sight,  an  imsatis- 
factory  method,  but  it  is  really  quite  in  accord  with  our  methods 
of  investigation  in  other  cases.  Besides  the  obvious  case  of 
temperature  and  entropy,  which  measure  properties  of  bodies 
whose  dynamical  character  is  only  very  vaguely  known,  I  may 
take  the  example  of  pressure  in  a  gas  as  very  similar.  The 
pressure  of  a  gas  was  for  generations  dealt  with  and  most  use- 
fully employed  long  before  the  structure  of  a  gas  was  under- 
stood. This  state  of  affairs  is  quite  analogous  to  the  condition 
in  which  JIaxwell  left  the  ether  theory  of  electromagnetism. 
He  postulated  and  discovered  the  properties  of  electric  and 
magnetic  force,  without  explaining  them  by  any  dynamical 
theory  as  to  the  structure  of  the  ether.     The  analogies  he  put 
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forward  were  just  as  vague  and  unsatisfactory,  but  certainly  not 
more  so,  than  the  gaseous  theories  that  depended  on  explaining 
the  elasticity  of  a  gas  by  that  of  atmospheres  of  the  h}^othetical 
caloric.  The  kinetic  theory  of  gases  explained  the  pressure  and 
other  properties  upon  dynamical  principles,  but  when  first 
propounded,  and  even  still,  the  actual  distribution  of  motion 
amongst  the  molecules,  atoms,  and  within  the  atoms  of  gases 
is  unknown;  but  that  does  noi;  detract  from  the  value  of 
the  dynamical  theory  nor  make  us  hesitate  to  use  pressure 
as  a  function  of  the  state  of  the  gas,  although  we  do  not 
know  exactly  what  that  state  is. 

I  give  these  examples  of  pressure,  temperature,  and  entropy 
to  show  that  there  is  nothing  abstruse  or  contrary  to  precedent 
in  my  assumption  of  E  and  H  as  representing  states  which  are 
not,  in  their  entirety,  described  or  analysed.  I  might  have 
instanced  directed  quantities  as  examples,  such  as  the  stress 
in  a  wire  subjected  to  longitudinal  pulL  This  is  a  very 
complicated  state  of  stress  which  can  be  represented  by  a 
single  vector,  although  in  no  single  instance  have  we  any 
except  the  very  vaguest  conception  of  what  the  actual  state 
of  afiairs  is  inside  the  wire  subject  to  this  stress. 
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MAGNETIC  ACTION  ON  MOVING  ELECTRIC  CHAEGES. 

[From  the  EUctrieian,  July  14,  1899.] 

Fob  many  years  I  have  been  endeavouring  to  persuade  various 
generations  of  my  students  to  undertake  to  make  experiments 
on  the  mechanical  forces  acting   on  electrified  bodies  in  a 
varying  magnetic  field.    The  small  amount  of  the  force  to  be 
expected,  and  the  difGiculty  of  suspending  highly  electrified 
bodies  near  conductors  in  such  a  way  as  to  be  freely  movable, 
have  hitherto  deterred  any  of  my  students  from  undertaking 
the  experiment.    The  existence  of  these  forces  is  familiar  to  all 
students  of  Maxwell's  theories,  especially  in  the  form  put  for- 
ward by  Mr.  Oliver  Heaviside,  who  has  so  long  insisted  on  the 
correspondence  between  electric  and  magnetic  phenomena,  and 
shown  that  the  electric  forces  due  to  a  changing  magnetic  dis- 
placement are  the  same  as  the  magnetic  forces  due  to  a  change 
in  the  electric  displacement  or  an  electric  current.     I   hope 
from  the  short  notice  in  the  Electrician  last  week  that  Lord 
Kelvin   has   succeeded   in   experimentally  demonstrating   the 
existence  of  these  forces.     As  regards  the  suggestion  that  the 
rotation  of  atoms  by  these  forces  is  the  cause  of  the  Zeeman 
and  allied  phenomena,  I  considered   that   when   the   Zeeman 
eflfect  was  first  published   and   came  to   the  conclusion  that, 
though  some  very  minute  effect  might  be   due  to  an  action 
of  the  kind,  this  cause  was  incompetent  to   produce  so  large 
an  efiect  as  Zeeman  had  observed.     Of  course,  all  this  depended 
on  a  variety  of  assumptions  as  to  the  probable  amount  of  the 
electric  charge  in  an  atom,  as  to  its  size  and  density,  and  so 
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forth,  all  of  which  are  only  very  imperfectly  known;  so  that 
Lord  Kelvin  may  have,  and  probably  has,  much  better  reasons 
for  thinking  that  this  action  may  be  the  cause  of  the  Zeeman 
and  allied  phenomena  than  I  had  for  rejecting  this  hypothesis. 
At  the  same  time,  my  recollection  is  that  Mr.  Larmor  told  me 
that  he  had  considered  the  question  from  this  point  of  view 
before  Zeeman  discovered  the  phenomenon,  and  came  to  the 
conclusion  that  the  effect  to  be  expected  was  too  small  to  be 
observabla* 

From  some  points  of  view,  this  magnetic  induction  effect 
on  the  rotation  of  an  electric  charge  is  much  the  same  as 
Lorentz's  explanation  of  the  different  rates  of  rotation  of 
charges  rotating  in  opposite  directions  round  the  lines  of 
magnetic  force.  Lorentz's  theory  docs  not  fully  account  for 
the  change  in  rate  of  rotation  when  the  magnetic  force  is 
applied,  while  the  effect  of  changing  magnetic  induction  on  a 
charge  rotating  in  a  plane  perpendicular  to  the  lines  of  induc- 
tion provides  a  cause  for  the  change  in  the  rate  of  rotation. 
Whether  the  cause  is  sufficient  depends  on  a  variety  of  assump- 
tions which  dk£e  not  easy  to  verify,  but  it  may  be  one  of  the 
reasons  why  the  lines  are  so  thin. 

I  would  call  attention  to  the  connexion  between  this 
electiic  action  of  changing  magnetic  induction,  and  the  modi- 
fication of  Weber's  theory  of  diamagnetism,  which  is  required 
to  make  tliis  latter  theory  consistent  with  the  supposition  that 
all  electric  currents  are  due  to  the  motions  of  electric  charges 
on  atoms.  Mr.  Larmor  must,  I  am  sure,  have  gone  into  this 
matter  pretty  fully  in  his  recent  Papers  in  the  Phil.  Trans, 

The  suggestion  that  the  Zeeman  and  allied  phenomena  are 
due  to  a  rotation  of  the  atoms  is  essentially  that  advocated  by 
M.  Beoquerel.  It  is  not  easy  to  see  how,  upon  this  supposition, 
the  different  amount  of  the  effect  upon  different  spectral  lines 
is  to  be  satisfactorily  explained,  nor  how  the  varying  masses  of 
the  different  atoms  seems  to  have  so  little  effect  upon  this 
amount 

[*  Taking  the  mass  mored  to  be  that  of  an  ordinary  electrolTtic  ion.] 
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The  rate  of  rotation  required  comes  out  of  the  order  10** 
per  second,  and  one  would  at  first  anticipate  that  such  a  rapid 
rate  of  rotation  would  produce  easily  observable  gjroetatic 
efifects  on  the  material  It  appears,  however,  from  a  rough 
calculation,  that  even  supposing  that  the  rotation  of  the  matter 
as  a  whole  causes  the  atoms  to  rotate  (by  far  the  most  probable 
hypothesis),  the  gyrostatic  effects  of  magnetization  would  be 
quite  small.  More  than  a  year  ago,  when  M.  Becquerel  was 
advancing  his  hjrpothesis,  I  got  some  experiments  made  in 
Trinity  College  laboratory  to  see  if  any  effects  of  this  kind 
could  be  observed,  but  we  could  not  observe  any.  The 
experiments  were  made  by  projecting  vortex  rings  in  a 
liquid  between  the  poles  of  a  powerful  magnet,  as  it  was 
thought  that,  perhaps,  some  distortion  of  the  rings  due  to 
gyrostatic  forces  might  occiu*.  I  have  not  Maxwell's  Treatise 
by  me  here;  in  it  are  described  a  number  of  experiments  to 
find  out  actions  of  this  kind,  but  I  am  not  sure  that  any  of 
them  were  designed  especially  to  discover  a  gyrostatic  action 
due  to  magnetization.  Further  experiments  are  needed  now 
that  we  know  approximately,  from  Zeeman's  experiment,  what 
amount  of  gyrostatic  action  might  be  expected  if  the  Zeeman 
effect  is  due  to  a  rotation  of  the  atoms. 
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MAGNETISM  AM)  MOLECULAR  ROTATION 

[From  the  SUetrician,  Angnst  4,  1899.] 

Lord  Kelvin  has  kindlj  shown  me  a  proof  of  a  paper,  which 
will  be  published  on  Tuesday  next  in  the  August  Phil.  Mag,^ 
explaining  in  detail  the  way  in  which  he  thinks  that  the  rota- 
tion of  electrified  parts  of  an  atom,  due  to  their  being  in  a 
changing  magnetic  field,  might  explain  the  Faraday  rotation  of 
the  plane  of  polarization  of  light  by  magnetized  matter.  He 
supposes  something  analogous  to  an  internal  electrified  gyrostat, 
to  be  set  in  rotation  by  the  growing  magnetic  field,  and  the 
rotation  to  continue,  owing  to  inertia  and  absence  of  friction 
and  radiation,  until  the  rotation  is  destroyed  by  the  opposite 
electric  force  when  the  magnetic  field  decreases.  These  gyrostats 
are  supported  by  springs  inside  a  spherical  shell  embedded  in 
some  sort  of  soft  jelly.  There  can  be  no  doubt  that  such  a 
structure  would  cause  a  rotation  of  the  plane  of  polarization  of 
distortional  waves  transmitted  through  the  jelly  in  the  direction 
of  the  magnetic  force,  just  of  the  kind  observed  by  Faraday  in 
magnetized  matter.  He  further  considers  the  efiect  of  this 
rotation  of  the  enclosed  gyi'ostats,  upon  the  waves  that  would 
be  produced  in  the  jelly  by  the  vibration  of  these  g3rro8tata 
inside  their  surrounding  sheaths,  and  concludes  that '' . . .  each 

bright  line  is  not  split  into  two  sharp  lines,  but  is  broadened " 

"No  simplifying  suppositions  as  to  the  character  of  the  molecule, 
such  as  symmetry  of  forces  and  moments  of  inertia  round  the 
axis  of  the  ring,  can  possibly  give  Zeeman's  normal  results  of 
splitting  of  a  bright  line  into  two  sharp  lines. . .  /'    He  goes  on 

2  I 
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to  say,  "  Hence,  although  in  1856  till  quite  lately  I  felt  satisfied 
in  knowing  that  it  sufficed  to  explain  Faraday's  magneto-optic 
discovery,  I  now,  in  the  light  of  Zeeman's  recent  discovery, 
discard  my  old  tempting  gyrostatic  hypothesis. . . ."  Though 
he  discards  it,  as  giving  an  explanation  of  the  Zeeman  effect,  he 
thinks  that  the  rotation  of  electrified  atoms  due  to  the  increas* 
ing  magnetic  induction  may  be  the  cause  of  diamagnetism,  as  I 
pointed  out  in  my  recent  letter.  Under  these  circumstances,  it 
may  be  of  interest  to  point  out  a  modification  of  Lord  Kelvin's 
molecule  by  which  the  difficulty  of  producing  thin  lines  is  sur- 
mounted, while  rotation  of  the  plane  of  polarization  is  produced 
by  the  rotation  of  part  of  the  molecule. 

Imagine  one  of  Lord  Kelvin's  spherical  atoms  immersed  in  a 
soft  jelly.  It  consists  of  a  thin  spherical  shell  attached  to  the 
jelly.  Inside  this  place  a  concentric  spherical  shell,  sepeurated 
from  the  first  by  a  symmetrical  system  of  perfectly  smooth  non- 
conducting springs,  so  that  the  inside  sphere  may  be  able  to 
turn  round  freely  in  any  direction  inside  the  outer  one.  Inside 
the  inner  sphere  is  suspended  centrally,  by  a  symmetrical  system 
of  springs,  a  hea\7'  particle.  This  system  can,  by  the  oscillation 
of  the  inside  heavy  particle,  emit  a  vibration  of  a  definite 
frequency,  i.e.  a  thin  line  in  the  spectrum.  Now,  if  the  outer 
sphere  be  positively  and  the  inner  one  negatively  electrified, 
and  the  whole  be  subjected  to  a  growing  magnetic  induction, 
the  outer  sphere  will  be  given  a  twist  in  one  direction  and  the 
inner  in  the  opposite  direction.  The  attachment  of  the  outer 
sphere  to  the  jelly  will  prevent  it  from  taking  up  a  continuous 
rotation,  but  the  inner  sphere  will  rotate  round  the  diameter 
parallel  to  the  magnetic  induction,  and,  being  supported  by 
perfectly  smooth  springs,  will  continue  rotating  as  long  as  the 
magnetic  induction  lasts.  When  the  magnetic  induction  ceases 
this  will  produce  a  twist  on  the  rotating  electrified  sphere 
which  will  stop  its  rotation.  During  its  rotation  the  sphere 
will  carry  round  with  it  the  central  heavy  particle.  If  this 
latter  be  vibrating,  its  vibrations  will  be  affected  by  the  rota- 
tion, and  if  it  be  kept  in  vibration  by  a  plane  polarized  wave 
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motion,  traveraing  the  jelly  in  the  direction  of  the  axis  of 
rotation,  this  rotating  molecule  will  react  upon  the  jelly  in  such 
a  way  as  to  produce  a  rotation  of  the  plane  of  polarization  such 
as  is  required  to  illustrate  the  Faraday  rotation. 

Although  this  is  not  exactly  a  gyrostat  arrangement  such  as 
Lord  Kelvin  was  looking  for,  there  is  no  essential  difference 
Y)etween  them;  and  it  enables  us  to  illustrate  the  Faraday 
rotation  by  a  purely  dynamical  model  when  once  the  electror 
magnetic  action  causing  rotation  is  granted,  and  thus  seems  to 
fulfil  the  same  function  as  Lord  Kelvin's  gyrostatic  modela  It 
has,  however,  the  advantage  of  gi>^g  thin  lines  when  emitting 
waves  produced  by  the  vibrations  of  the  interior  heavy  particle. 

In  Lord  Kelvin's  gyrostatic  models,  as  described  in  the 
Paper  already  referred  to,  the  rate  of  rotation  of  any  gyrostat 
depends  on  the  angle  between  its  axis  and  the  direction  of 
magnetic  induction ;  but  in  the  model  now  described  any  inside 
sphere  will,  for  a  given  value  of  the  induction,  always  rotate  at 
the  same  rate,  and  always  round  the  line  of  magnetic  induction, 
so  that  the  vibrations  emitted  by  a  large  collection  of  these 
molecules  in  the  same  magnetic  field  will  be  all  alike,  and  not 
of  all  varieties  within  certain  limits,  as  in  Lord  Kelvin's  modeL 
I  have  spoken  to  Lord  Kelvin  about  this  modification  of  his 
model,  and  he  was  desirous  that  I  should  publish  it  now  in 
the  Eledrician. 
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OK  THE  EBTERGT  PER  CUBIC  CENTniETEE  IN  A  TTJE- 
BXILENT   LIQXrrD   WHEN   TRANSMITTING   LAMINAR 

WAVES 

[From  the  B»pwi  of  ih$  British  Atioeiationfor  th$  Advanumsni  tf  Sei§mc$* 
Bead  September  15, 1899.    See  No.  63  iuprmJ] 

In  the  Phil.  Mag.,  volume  xxiv.  page  342,  October  1887,  Lord 
Kelvin  has  given  equations  for  the  transmission  of  laminar 
waves  through  a  turbulent  liquid.  He  expresses  doubt  as  to 
the  possibility  of  any  turbulency  being  possible  to  which  his 
investigation  would  apply,  owing  to  the  rapid  diffusion  of  the 
motion ;  and  he  illustrates  his  paper  by  reference  to  a  liquid  in 
which  separate  vortex  rings  are  arranged  in  a  regular  cubical 
order  which  would,  as  he  says,  be  almost  certainly  subject  to 
the  diffusion  of  motion  which  would  \'itiate  his  investigation. 
A  few  years  afterwards,  however,  Lord  Kelvin  published  in  the 
Proceedings  of  the  R.  I.  Academy,  1889,  vol.  i.  p.  340,  a  paper  in 
which  he  described  an  arrangement  of  long,  thin,  empty,  vortex 
filaments,  which  he  considered  would  be  stable,  and  not  subject 
to  the  diffusion  and  mixing  which  would  vitiate  the  applica- 
tion of  his  wave  theorem  to  the  first  turbulent  medium  he 
suggested.  I  have  this  year,  in  the  IID.S,  Proceedings  (p.  51). 
published  a  paper  calling  attention  to  the  way  in  which 
laminar  waves  might  be  propagated  by  this  latter  mediimi,  and 
have  suggested  a  way  in  which  electrons  might  exist  therein. 
The  paper  is  only  suggestive,  and  cannot  claim  to  prove  much. 
I  now  desire  to  call-  attention  to  the  expressions  that  Lord 
Kelvin  has  given  for  the  structure  changes  that  take  place 
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when  the  waves  he  describes  are  being  propagated  through  the 
medium,  and  to  show  how  to  calculate  a  quantity  which  must 
be  proportional  to  the  energy  per  c.c.  of  this  wave-motion.  I 
must  refer  to  the  paper  itself  for  an  explanation  of  the  nota- 
tion, as  it  would  make  this  note  very  long  to  give  it  hera 

The  equations  from  which  Lord  Kelvin  deduces  the  possi- 
bility of  the  propagation  of  laminar  motion  through  a  turbulent 
liquid  are  two: 

(2)    ^^t<«-)-|R'|/(y.O. 

In  this,  R'  is  the  mean  square  of  the  velocity  of  the  original 

turbulency  of  the  liquid. 

The  comparison  of  this  with  Maxwell's  equations  is  obvious, 

and  /(y,  0  ^^y  ^  either  magnetic  or  electric  action,  and 

xmv{uv)  will  then  be  either  electric  or  magnetic.    It  shortens 

2 
matters  to  call  ^E'-V,   /(y,^)"P,     and     xzav{nv)my;    so 

that  the  equations  are 

^._^      and    ^--V^. 
dt        dy*  dt  dy 

If  now  we  take  the  quantity 

and  integrate  it  throughout  space,  and  then  determine  its 
variations  with  time,  we  find 


l-f-f)-^ 


Integrating  the  second  term  under  the  integral  by  parts,  and 
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omittmg  the  superficial  terms  which  may  be  at  infini^,  or 
wherever  eneigjr  enters  the  space  under  consideration,  we  get 

iijf.^.jj|p(§.i>^... 

Hence  we  see  that  2,  which  is  of  the  right  dimensions,  must  be 
proportional  to  the  energy  per  cc  of  the  medium.  This  is  the 
same  as  in  Maxwell's  theory,  so  that  there  seems  veiy  little 
more  besides  interpretation  of  symbols  to  make  a  turbulent 
liquid  a  satisfactory  explanation  of  the  structure  of  the  ether. 
I  am  myself  satisfied,  though  I  think  Lord  Kelvin  is  not, 
that  the  turbulency  of  a  sufiSciently  fine-grained  purely  and 
irregularly  turbulent  liquid  would  ultimately  become  so  slow 
in  its  diffusion  from  place  to  place,  that  Lord  Kelvin's  investi* 
gation  would  apply  to  it 


1 906]  The  Applications  of  Sdenu  487 


96 


THE  APPLICATIONS  OF  SCIENCE :  A  LESSON  FEOM  THE 

NINETEENTH  CENTXTRT 

[Inaugural  Address  as  President]  of  the  Dublin  Section  of  the  Institution -of 
Electrical  Engineers,  February  22, 1900.    From  Froe,  In»U  JS.  E.^  1900.] 

I  FEEL  very  much  honoured  by  having  been  placed  in  the  position 
I  now  occupy  and  by  having  to  deliver  this  opening  address  to 
the  Dublin  Branch  of  the  Institution  of  Electrical  Engineers. 
I  believe  that  we  are  one  of  the  first  of  the  branches  that  has 
developed  into  the  meeting  stage  of  our  existence,  and  may 
congratulate  ourselves  on  having  passed  through  our  lanrai 
transformations  safely  and  rapidly,  and  on  our  having  been  the 
first  to  emerge  into  an  imago. 

The  action  of  the  parent  Institution  in  founding  these  local 
branches  is  worthy  of  our  grateful  conunendation.  We  are  left 
perfectly  free  to  develop  our  own  life  untrammelled  by  any  rules 
except  such  as  we  would  ourselves  have  necessarily  chosen  to 
govern  our  actions.  We  have  the  great  advantage  of  being  a 
branch  of  a  most  distinguished  Institution  of  wide- world  reputa- 
tion, and  that  without  paying  any  extra  subscription.  I  hope 
that  we  will  add  to  the  life  and  work  of  that  Institution,  and 
thereby  promote  both  our  own  interests  and  the  welfare  of 
mankind.  Papers  and  discussions  here  will  be  taken  as  delivered 
to  the  Institution  of  Electrical  Engineers,  and,  if  of  sufficient 
merit,  will  be  published  in  its  Proceedings,  thus  securing  to  us 
a  wide  world  publication,  while  at  the  same  time  ensuring  that 
Ireland  is  credited  with  the  work  done.  Why,  for  example, 
should  the  long-expected  account  of  the  pioneer  electric  railway 
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at  the  Giant's  Causeway  be  sent  to  London  to  be  read  and 
discussed :  it  can  now  come  here,  to  Ireland,  where  the  work 
was  done,  we  can  discuss  its  lessons,  and  if  we  perform  our 
duties  well,  the  account  of  this  great  Irish  work  will  be  sent  all 
over  the  world  by  our  powerful  parent  Society. 

It  is  one  of  the  banes  of  scientific  publication  that  there  are 
80  many  different  scientific  publications.  One  must  look  here, 
there,  and  everywhere,  for  what  has  been  published.  We  are 
not  going  to  add  to  this  most  serious  and  growing  evil.  By  the 
patriotism  of  the  parent  Institution  we  need  not  start  a  local 
publication  in  order  to  secure  credit  for  Irish  work,  done  here, 
read  here,  discussed  here.  We  can  get  all  this  credit  and  secure 
the  advantage  of  local  interest,  and  at  the  same  time  avoid 
adding  to  a  serious  and  growing  eviL  Thus  this  action  of  the 
Institution  will  be  "...  twice  blessed,  blessing  him  that  gives 
and  him  that  takes." 

The  history  of  electricity  in  the  nineteenth  century  is  far 
too  large  a  subject  for  an  occasion  like  the  present  one,  but 
certain  aspects  of  this  history  convey  valuable  lessons  for  the 
future,  and  may  well  engage  our  attention  in  this  the  last  year 
of  the  century,  and  may  help  us  to  lay  the  foundations  for  further 
advance  in  the  next.  The  aspect  of  the  history  of  electricity 
during  the  nineteenth  century  to  which  I  desire  to  direct  your 
attention  is,  as  an  object  lesson  of  how  to  apply  science  tx)  further 
the  well-being  of  mankind.  The  history  of  any  applied  science 
might  be  considered  in  this  aspect,  but  the  history  of  applied 
electricity  is  particularly  appropriate  for  being  thus  considered, 
for  several  reasons.  The  history  is  condensed  within  a  few 
years ;  the  discoveries  of  science  have  followed  one  another  with 
extraordinary  rapidity,  and  within  a  few  years  after  the  dis- 
coveries were  made  they  have  been  applied  to  the  use  of  man. 
It  is  just  a  hundred  years  since  Volta  discovered  how  to  make 
continuous  electric  currents.  Within  a  few  years  of  that  dis- 
covery their  chemical  actions  were  discovered  and  electric  lights 
produced,  both  arc  and  incandescent.  Twenty  years  afterwards 
the  magnetic  effect  of  an  electric  current  was  discovered  by 
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(Ersted,  its  mathematical  theory  evolved  by  Ampere,  and  the 
law  of  its  intensity  worked  out  by  Ohm.  Some  fifteen  years 
afterwards  Faraday  discovered  how  to  produce  electric  currents 
by  magnetism.  Immediately  after  the  discovery  of  the  principle 
of  the  conservation  of  energy  it  was  applied  to  electromagnetism, 
and  the  foundation  of  our  whole  system  of  electromagnetic 
measurement  was  laid.  Faraday's  belief  in  the  correlation  of 
electricity  and  light  was  forged  into  a  consistent  theory  by 
Clerk  Maxwell,  following  lines  suggested  by  Lord  Kelvin,  and 
this  theory  confirmed  experimentally  by  Hertz.  Such,  in  brief, 
is  the  scientific  history  of  electromagnetism  during  the  expiring 
century,  and  on  this  science  practically  all  the  applications  of 
electricity  depend. 

I  may  pause  for  an  instant  to  consider  where  this  theory 
now  lands  us.  The  all-per\'ading  ether  has  been  realised  as  the 
means  of  transmitting  light,  electricity,  and  magnetism,  and  we 
are  looking  forward  to  its  properties  explaining  chemical  actions 
and  gravitation.  We  are  still  looking  for  a  theory  of  its 
structure  which  will  give  a  dynamical  explanation  of  its  pro- 
perties. We  know  how  to  express  these  properties  by  quantities 
we  call  electric  and  magnetic  force,  whose  laws  we  know,  but 
whose  laws  we  are,  as  yet,  unable  to  explain  by  any  structure 
working  on  dynamical  principles.  So  far  as  we  know,  the 
properties  of  electric  and  magnetic  force  are  explicable  upon 
dynamical  principles;  so  far  there  is  no  known  necessity  for 
seeking  for  ad}iiamical  properties  in  the  ether ;  so  far  we  may 
hope  to  explain  electromagnetism  upon  the  dynamical  principles 
of  Newton's  laws  without  invoking  any  other  principles  than 
those  of  force  and  inertia,  as  expounded  in  these  laws.  Until, 
however,  a  satisfactory  theory  of  the  nature  of  the  ether  has 
been  actually  invented,  there  will  remain  some  doubt  as  to  the 
adequacy  of  these  fundamental  dynamical  laws  to  explain  all 
its  properties.  The  direction  in  which  it  is  most  probable  that 
an  explanation  will  be  found  is  in  the  hypothesis  that  the  ether 
is  of  the  nature  of  a  perfect  liquid  full  of  the  most  energetic 
motion.    We  know  that  a  gas  consists  of  separate  molecules  in 
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intensely  energetic  irregular  motion.  I  expect  that  the  ether 
is  a  perfect  liquid  in  intensely  energetic  irregular  motion :  much 
more  rapid  than  that  of  any  gas :  with  a  rapidity  of  internal 
motion  comparable  with  the  speed  of  light :  maybe  with  enough 
energy  in  each  cubic  centimetre  to  keep  hundreds  of  horse- 
power going  for  a  year,  if  only  we  could  get  at  it.  So  far  as 
this  hypothesis  has  been  worked  at  there  seems  nothing  im- 
possible about  it,  but,  on  the  contrary,  much  possibility  in  it, 
and,  to  my  mind,  its  inherent  simplicity  confers  on  it  a  great 
probability. 

Be  that  as  it  may,  we  now  know  that  in  the  electric  lighting 
of  our  cities,  in  electric  tramways  and  railways,  in  electric 
furnaces  and  electrolytic  vats,  and  in  the  other  innumerable 
applications  of  electricity,  we  are  harnessing  the  all-pervading 
ether  to  the  chariot  of  human  progress,  and  using  the  thunder- 
bolt of  Jove  to  advance  the  material  welfare  of  mankind. 

Having  thus  shortly  considered  the  progress  of  electrical 
science,  the  history  of  the  applications  of  electricity  may  be 
now  summarised.  Shortly  after  (Ei*sted  discovered  the  mag- 
netic effect  of  an  electric  current,  this  discovery  was  applied 
to  telegraphy;  and  Faraday's  discovery  of  how  to  generate 
electric  cuiTents  by  magnetism  was  almost  immediately  applied 
to  the  same  use.  Telegraphy  developed  rapidly,  and  many 
subsequent  discoveries  were  due  to  the  observations  made  in 
the  practical  application  of  electricity  to  telegraphy.  This  has 
been  developing  ever  since,  accumulating  knowledge  and  apply- 
ing the  accumulations  to  produce  more  knowledge  and  more 
applications,  till  all  this  has  resulted  in  the  perfection  of  the 
multiplex  telegraph  and  the  wonders  of  the  telephone  and 
wireless  telegraphy.  Xo  other  department  of  applied  electricity 
has  had  such  a  continuous  development,  hardly  any  interval 
elapsing  between  discovery  and  application  in  its  case,  while  in 
almost  every  other  case  years  have  elapsed  between  discoveries 
and  their  application.  It  is  especially  the  object  of  this  address 
to  call  attention  to  the  cause  of  this,  and  to  the  lessons  to  be 
learnt  from  it. 
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Within  the  first  decade  of  the  century  electrolysis  and  the 
electric  light  were  discovered;  but,  except  on  a  small  scale 
in  electro-plating,  it  was  reserved  for  the  last  quarter  of  the 
century  to  see  their  application  to  the  general  use  of  mankind. 
Before  Her  Majesty  began  to  reign,  Faraday  had  discovered  how 
to  generate  electric  currents  by  magnetic  actions ;  but,  except 
to  generate  currents  to  light  a  couple  of  lighthouses,  no  appli- 
cations of  Faraday's  discovery  to  generate  electric  currents  on  a 
large  scale  was  made  till  Wilde,  Gramme,  and  Siemens  worked 
at  it,  more  than  thirty  years  after  its  discovery.  The  application 
of  electric  currents  to  transmit  power  on  a  small  scale  was 
made  in  the  electric  telegraph  years  before  any  applications 
were  made  on  a  large  scale.  Except  for  a  few  experiments  by 
Jacobi  and  others,  the  transmission  of  power  by  electric  currents 
on  a  large  scale  is  the  work  of  the  last  twenty — one  might 
almost  say  of  the  last  ten — years. 

Consider  now  what  are  the  characteristics  of  the  applica- 
tions which  developed  continuously,  and  what  were  those  of 
the  applications  which  lay  dormant  for  years.  Maybe  we  can 
learn  from  this  consideration  how  to  arrange  that,  in  the  future, 
our  discoveries  may  not  lie  for  years  dormant 

The  most  noticeable  difference  betwpen  the  applications  of 
electricity  that  developed  and  those  that  lay  dormant  is  that 
those  that  developed  were  useful  on  a  small  scale,  while  those 
that  lay  dormant  were  not  useful  until  developed  on  a  large 
scale.  Electro-plating  and  telegraphy  were  useful  on  quite  a 
small  scale.  Experiments  as  to  their  efficiency  could  be  con- 
ducted on  the  laboratory  scale  with  quite  cheap  apparatus,  and 
thus  they  were  actually  developed. 

A  recognised  authority,  who  is  fond  of  poking  paradoxical 
fun  at  Professors,  has  recently  stated  that  "the  progress  of 
telegraphy  and  telephony  owes  nothing  to  the  abstract  scientific 
man."  I  do  not  know  exactly  what  he  means  by  the  abstract 
scientific  man,  but  I  do  know  that  telegraphy  owes  a  great  deal 
to  Euclid  and  other  pure  geometers,  to  the  Greek  and  Arabian 
mathematicians  who  invented  our  scale  of  niuneration  and 
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algebra,  to  Galileo  and  Newton  who  founded  dTtiamies,  to 
Newton  and  Leibnitz  who  invented  the  calculus,  to  Yolta  who 
discovered  the  galvanic  cell,  to  CErsted  who  discovered  the 
magnetic  action  of  currents,  to  Ampere  who  found  out  the  laws 
of  their  action,  to  Ohm  who  discovered  the  law  of  the  resistance 
of  wires,  to  Wheatstone,  to  Faraday,  to  Lord  Kelvin,  to  Clerk 
Maxwell,  to  Hertz.  Without  the  discoveries,  inventions,  and 
theories  of  these  abstract  scientific  men  telegraphy,  as  it  now 
is,  would  be  impossible.  Maybe  the  paradoxer  means  by  an 
abstract  scientific  man  one  whose  work  has  not  yet  been  used 
in  telegraphy :  in  that  case  the  statement  is  true,  but  then  it  is 
a  platitude.  Perhaps  he  does  not  consider  that  the  work  of 
these  men  conduced  to  the  progress  of  telegraphy ;  but  then  he 
should  maintain  that  (Ersted's  discovery  of  the  magnetic  action 
of  an  electric  current  was  no  advance  on  the  previous  method 
of  telegraphy  by  irritating  snails.  I  daresay  he  modifies  Sam 
Weller's  idea  and  considers  that  algebra,  geometry,  mechanics, 
sound,  heat,  light,  electromagnetism,  chemistry,  come  by  nature, 
but  that  we  must  learn  the  "  Morse  code." 

He  goes  on,  however,  to  say  that  "  the  fundamental  prin- 
ciples and  natural  facts  that  underlie  the  practice  of  electrical 
engineering  are  the  teachings  of  actual  experience,  and  not  the 
results  of  laboratory  research  or  professorial  teaching."  I  pass 
over  the  implication  that  laboratory  research  is  not  actual  ex- 
perience, and  that  professorial  teaching  is  not  founded  on  actual 
experience.  I  see  that  he  must  be  in  great  difficulties  in  draw- 
ing the  distinction  he  implies  between  experience  in  and  out  of 
laboratories.  The  difficulty  he  is  in  is  quite  natural,  because 
there  is  no  such  difference.  It  seems  to  me  impossible  to 
understand  how  anybody  who  has  not  a  bee  in  his  bonnet,  and 
who  knows  anything  of  the  history  of  telegraphy,  can  make  the 
extraordinary  statement  I  have  quoted.  One  would  have 
imagined,  apart  from  this  authoritative  statement,  that  "  the 
fundamental  principles  and  natural  facts "  underlying  the 
practice  of  electrical' engineering  were  the  pile  of  Volta,  the 
electrolysis  of  Da\y  and  Faraday,  the  magnetic  force  of  CErsted, 
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the  laws  of  Amp^,  Faraday's  magnetic  induction,  the  conser- 
vation of  energy  of  Joule  and  Helmholtz,  Kelvin's  theory  of 
cables,  Ewing's  hysteresis.  Clerk  Maxwell's  theory  of  electro- 
magnetism,  Hertz's  electromagnetic  waves,  Branly's  coherer. 
Every  one  of  these  is  essential  to  some  part  of  modem  electrical 
engineering,  and  every  one  of  them  was  the  result  of  mere 
"laboratory  research  "  and  "  professorial  teaching."  The  quoted 
statement  is  one  of  the  most  absurd  paradoxes  ever  pro- 
pounded. 

I  am  delighted,  however,  to  see  that  Sir  William  Pteece 
emphatically  states  that  "  the  engineer  must  be  a  scientific 
man."  That  really  concedes  all  that  has  ever  been  in  dispute 
between  scientific  men  and  engineers.  Of  course  no  "laboratory 
research  or  professorial  teaching  "  can  teach  all  that  an  engineer 
should  know.  How  to  deal  with  a  drunken  workman,  or  a 
strike,  or  a  city  corporation,  or  a  board  of  directors, — these,  for 
example,  have  not  yet  been  reduced  to  such  scientific  principles 
that  they  can  be  made  the  subjects  of  profitable  "  laboratory  re- 
search or  professorial  teaching."  These  and  many  other  things 
can  only  be  learnt  by  experience  outside  schools  and  universities, 
and  it  is  one  of  the  important  problems  of  education  to  decide 
where  school  education  should  end  and  apprenticeship  begin. 
I  would,  however,  appeal  to  aU  engineers  not  to  expect  pupils 
coming  from  schools  to  have  been,  taught  to  be  immediately 
useful.  No  doubt  this  would  save  their  employer  a  lot  of  trouble, 
but  it  would  prove  that  the  school  had  v.asted  the  time  of  ita 
pupils  in  teaching  them  what  they  should  learn  in  the  office. 

We  have,  then,  seen  that  electro-plating  and  telegraphy 
were  capable  of  development  on  a  small  scale,  and  were  con- 
sequently largely  developed  by  laboratorj-  research. 

The  development  of  dynamos  from  Faraday's  discovery 
required  expensive  experiments,  and  to  test  their  efficiency  on 
a  large  scale  required  very  expensive  experiments  indeed.  It 
was  not  possible  to  conduct  experiments,  that  would  be  of  much 
practical  use,  on  the  small  scale  on  which  laboratory  exi)eriments 
have  to  be  conducted  on  account  of  the  miserable  pittance  that 
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is  at  the  command  of  scientific  laboratories.  The  only  oppor- 
tunity of  conducting  experiments  on  a  large  scale  is  when  an 
inventor  can  control  capital,  as,  for  example,  if  he  is  himself  in 
the  position  of  an  engineer  to  some  wealthy  body  whose  money 
he  can  employ  on  experiments.  Jacobi  and  others  spent  a  good 
deal  of  money,  no  doubt,  on  experiments  in  power  distribution 
by  electro-magnetic  engines ;  but  their  expenditure,  though  quite 
considerable  as  compared  with  the  usual  run  of  laboratory 
experiments,  was  as  nothing  compared  with  the  enormous  sums 
spent  by  the  pioneers  of  modem  electromagnetic  machineiy  on 
iheir  experiments. 

What  we  have  found,  then,  is  that  development  depended 
on  whether  or  no  people  experimented  energetically  upon  how 
to  render  each  discovery  of  practical  utility ;  where  experiment- 
ing was  energetic,  development  was  rapid ;  where  experimenting 
was  not  energetic,  development  was  slow.  We  have  further 
found  that  the  energy  of  experimenting  depended  on  the  money 
available;  where  little  money  was  required  development  was 
rapid,  but  it  was  slow  where  large  sums  of  money  were  required 
in  order  to  perform  valuable  experiments. 

We  may  further  inquire  how  it  happened  that  money  and 
time  became  available  for  costly  experiments.  Money  is  avail- 
able for  laboratory  experiments  by  the  beneficence  of  private 
and  public  endowment,  and  time  is  available  by  the  devotion  of 
scientific  men  to  the  advancement  of  natural  knowledge.  These 
have  been  available  because  some  few  men  have  had  faith  in 
the  desirability  of  knowledge,  both  for  its  own  sake  and  for  the 
material  and  moral  advantage  of  mankind.  Money  has  been 
available  in  England  on  a  large  scale  in  the  past  because  of  the 
enthusiastic  faith  of  some  very  few  men  in  the  possibilities  of 
scientific  discoveries.  One  of  the  most  remarkable  instances  of 
this  faith  was  in  the  case  of  the  great  experiment  of  laying  the 
Atlantic  cable.  A  few  men  with  strong  faith  impressed  their 
]>elief  on  a  few  capitalists,  and  after  years  of  most  expensive 
experimental  work  they  at  last  brought  their  great  undertaking 
to  a  successful  issue ;  the  general  body  of  capitalists  meanwhile 
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looking  on  with  amused  incredulity.  The  development  of  the 
dynamo  depended  similarly  upon  the  strong  faith  of  individuals 
who  spent  immense  sums  of  money  and  much  time  and  energy 
on  the  subject,  because  they  had  faith  in  its  possibilities. 
It  is  remarkable  how  many  of  the  developments  of  scientific 
discoveries  of  the  latter  years  of  the  century  have  been  due  to 
foreigners  or  firms  with  foreign  leaders,  such  as  Siemens  Brothers. 
This  has  been  largely  due  to  the  fact  that  foreigners  are  far  in 
advance  of  us  over  here  in  their  faith  in  the  possibility  of  using 
scientific  discoveries.  The  rapid  advance  of  the  applications  of 
science  in  the  last  quarter  of  this  century  has  been  very  largely 
due  to  the  giowth  of  this  faith.  It  has  grown  to  a  strong 
con\iction  in  the  ordinary  public  of  America  and  the  Continent, 
and  is  growing  daily  stronger  over  here,  but  is  still  far  weaker 
here  than  in  other  parts  of  the  ci\'ilized  world.  The  result  of 
this  has  been  that  while  the  germs  of  many  of  the  greatest 
inventions  have  been  made  within  the  British  Isles,  we  have 
not  been  pioneers  in  any  great  advance  in  the  applications 
of  electricity  since  the  development  of  submarine  telegraphy. 
Possibly  another  cause  has  been  our  obstinate  retention  of  our 
abominable  series — one  cannot  call  it  system — of  weights  and 
measures.  It  is  with  great  hopefulness  that  I  see  public  opinion 
gradually  growing  in  favour  of  the  metric  system.  It  is  lament- 
able how  the  uninstructed  prejudice  of  the  man  in  the  street 
influences  progress.  Here  is  a  reform  advocated  by  a  large 
number  of  manufacturers  and  distributors,  by  chambers  of 
commerce,  and  by  almost  ever}'body  who  has  seriously  studied 
ths  question,  and  yet  it  is  delayed,  not  because  the  leaders  of 
the  State  have  any  doubt  as  to  its  desirability,  but  merely 
because  they  do  not  think  the  public  suflBciently  intelligent  for 
its  introduction  to  be  popular.  Thus  do  we  all  suffer  for  the 
sins  and  ignorances  of  one  another.  It  is  a  matter  in  which  we 
in  Ireland  are  particularly  interested.  I  feel  sure  that  imder 
Continental  guidance  Ireland  would  long  ago  have  adopted  the 
reform,  only  that  the  obstinate  conservatism  of  Britain  has 
forced  us  to  use  its  horrible  series  of  weights  and  measures.    If 
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only  our  Irish  members  would  push  forward  this  reform  they 
would  do  some  good  by  saving  a  year's  school  life  for  each  child 
and  facilitating  computations  in  every  department  of  life;  it 
would  be  worth  much  more  than  the  millions  they  say  Britain 
is  robbing  us  of.  Owing  to  these  amongst  other  things  we  have 
not  been  pioneers.  No  doubt  there  are  some  advantages  in  not 
being  pioneers ;  we  are  saved  the  expense  of  preliminary  experi- 
ments, and  can  often  enjoy  learning  by  the  mistakes  of  others. 
On  the  other  hand,  we  lose  such  industries  as  electric  tramway 
construction  and  polyphase  transmission  of  power,  and  can  never 
expect  to  be  in  the  forefront  of  progress ;  a  decided  misfortune 
when  it  comes  to  fighting  against  Creusot  guns. 

How  does  it  happen  that  one  of  the  foremost  coimtries  in 
advancing  science  has  been  one  of  the  last  to  appreciate  the 
possibilities  of  applied  science  ?  This  has  been  due  partly,  no 
doubt,  to  our  great  success  as  manufacturers  and  as  mere 
mechanical  inventors.  No  doubt  Watt  was  a  truly  scientific 
inventor,  and  even  mere  mechanical  inventors  are  appliers  of 
scientific  knowledge  that  was  discovered,  in  the  most  part,  by 
scientific  men  centuries  ago ;  but  most  of  our  success  as  manu- 
facturers has  been  due  to  mechanical  inventions  and  to  our 
well-trained  and  expert  artisans,  and  not  to  the  useful  appli- 
cation of  recent  scientific  discoveries.  This  great  success,  and 
the  absence  of  scientific  training  in  our  schools,  and  the  want 
of  contact  between  manufacturing  and  scientific  society,  have 
all  contributed  to  prevent  a  due  appreciation  of  the  value  of 
scientific  discovery  and  experiment  as  a  means  of  advancing 
the  material  wealth  of  society.  The  very  word  "science"  has 
contributed  to  the  mistake.  As  has  been  recently  pointed  out 
to  me  by  Dr.  Trouton,  it  would  be  impossible  to  say  the  same 
contemptuous  things  of  "  knowledge  "  as  are  said  of  '*  science." 
In  Germany  the  word  used,  "  Wissenschaf t,"  is  the  one  corre- 
sponding to  our  word  "  knowledge,"  and  there  nobody  of  any 
sense  could  say  that  "knowledge  is  all  humbug,"  as  is  here 
often  said,  and  still  oftener  thought,  of  "science." 

How   otherwise  can  one   explain   an  eminent  authority's 
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i-ecent  paradox,  ''  Many  people  advocate  the  early  teaching  of 
science;  I  do  not":  and  then  he  immediately  goes  on  to  advocate 
the  early  teaching  of  botany,  zoology,  and  physiography.  He 
seems  to  use  the  word  "science"  for  what  he  calls  ''ill-digested 
text-book  science,  illustrated  by  experiments  which  generally 
fail"  I  don't  suppose  anybody  advocates  the  teaching  of  this 
"science"  even  late  in  a  boy's  education.  I  am  afraid  he  is 
trying  to  earn  a  cheap  popularity  with  the  uninstructed 
latulatar  temporis  acti  by  sneering  at  the  early  teaching  of 
science,  and  by  an  absurd  misuse  of  the  term  that  would  not 
have  misled  his  most  ignorant  hearer  if  he  had  used  the  word 
"  knowledge." 

We  are,  however,  I  confidently  believe,  already  entered 
upon  a  more  reasonable  era.  In  England,  even  wireless  tele- 
graphy, the  child  of  one  of  the  most  i-ecent  discoveries  of 
science,  has  received  sufficient  recognition  for  veij  expensive 
experiments  to  be  carried  out  with  most  valuable  results,  not- 
withstanding the  cold  shoulder  given  to  the  invention  by 
Government  departments  and  the  fear  it  has  inspired  that  it 
may  be  in  the  hands  of  the  company  promoter.  Its  history  is 
most  interesting  as  showing  how  much  in  an  invention  depends 
on  the  push  and  enei-gy  as  well  as  upon  the  ingenuity  of  an 
inventor.  In  this  connexion  I  would  strongly  endorse  the 
complaint  of  the  President  of  the  Institution  of  Electrical 
Engineei*s  in  his  opening  address,  namely,  that  capitalists  are 
unwilling  to  advance  money  to  try  experiments  on  a  sufficiently 
large  scale  to  be  of  service  in  deciding  their  value  on  a  very 
large  scale.  A  company  can  be  promoted  with  a  capital  of 
£100,000  for  almost  any  conceivable  object,  but  it  is  quite 
hard  to  get  only  £10,000  or  £20,000  to  tiy  experiments.  I 
look  forward  to  the  time  when  eager  capitalists  and  energetic 
Government  departments  will  impoitune  inventors  to  be 
allowed  to  work  out  their  discoveries,  instead  of  requiring  to 
be  solicited  and  ballyragged  by  the  inventor  into  an  unwilling 
permission  to  try  them.  A  few  failures  now  and  then,  a  few 
cases  of  being  taken  in  by  fraudulent  or  over-zealous  inventors^ 
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and  our  wavering  faith  in  science  collapses.  How  many 
failures  are  there  in  the  iron  trade!  how  many  are  taken 
in  by  specious  company  promoters !  And  yet  the  capitalist 
has  faith  in  the  "iron  business"  and  in  "limited  liability 
companies."  Would  that  our  faith  in  science  were  equally 
strong  !  We  might  then  hope  that  laboratories  would  be 
reasonably  endowed  with  men  and  means  to  carry  out  exp^- 
ments  on  a  sufficient  scale  to  be  of  use  in  testing  their 
practicability,  and  improving  the  methods  of  new  inventions. 
I  am  delighted  to  see  that  Sir  William  Preece  expects 
laboratories  to  cany  on  all  the  researches  engineers  may 
require.  That  is  quite  as  it  should  be,  but  such  laboratories 
must  be  very  highly  endowed. 

A  physical  laboratory  that  spends  a  couple  of  hundred  a  year 
on  materials,  instruments,  and  so  forth,  considers  itself  fairly 
well  off.  I  wish  I  had  anything  approaching  this  to  spend  in 
Trinity  College,  Dublin.  When  will  poor  T.C.D.  get  credit  for 
wanting  to  do  more,  very  much  more,  than  its  very  limited  and 
precarious  income  permits  ?  When  can  we  expect  the  country 
or  generous  benefactors  to  learn  that  science  on  a  large  scale  is 
at  the  basis  of  the  material  prosperity  of  the  country,  and  that 
science  on  a  large  scale  is  very  expensive.  But  what  use  is 
£200  a  year  in  making  experiments  on  a  conmiercial  scale  ? 
Ten  thousand  a  year  would  be  more  like  the  figure  required ; 
and  £10,000  a  year  could  be  most  profitably  spent  on  experi- 
mental work  here  in  Ireland,  on  the  one  subject  of  utilising  our 
bogs.  It  is  most  probable  that  the  energy  of  their  combustion 
could  be  transmitted  to  our  towns  to  provide  them  with  light 
and  power ;  but  the  preliminary  experiments  are  far  beyond 
the  capabilities  of  a  scientific  laborator}',  and  though  success  is 
very  probable,  it  cannot  be  so  certainly  promised  as  to  justify 
one  in  enlisting  the  assistance  of  capitalists  who  would  consider 
themselves  very  badly  treated  if  failure  was  ultimately  dis- 
covered to  be  inevitable.  If  the  capitalists  were  decently 
educated  and  could  themselves  appreciate  the  scientific  situa- 
tion, it  might  be  allowable  to  enlist  their  assistance,  as  they 
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might  be  considered  to  be  going  into  a  speculation  with  their 
eyes  open.  In  the  present  state  of  the  education  of  capitalists 
in  this  country,  they  must  depend  entirely  on  the  judgment  of 
scientific  experts,  who  cannot  be  expected  to  fully  appreciate  the 
business  side  of  the  subject.  Then  there  are  the  questions  of 
three-wire  tramways,  leaky  telegraph  lines,  submarine  relays, 
sun  engines,  of  flj'ing  machines  which  Lord  Eayleigh  considers 
can  be  constructed  if  money  enough  were  forthcoming,  and  of 
vacuum  tubes  as  a  means  of  illumination,  and  of  numberless 
other  matters  already  ripe  for  application,  to  say  nothing  of 
the  innumerable  scientific  discoveries  that  have  not  yet  been 
even  suggested  as  having  practical  applications. 

Besides  these  industrial  laboratories,  all  our  Government 
departments,  such  as  the  army  and  na\y,  should  have  large 
experimental  organisations  where  any  invention  that  promised 
success  would  be  developed  and  seriously  tried.  The  decision 
of  what  to  try  should  not  be  left  to  mere  officials,  however 
distinguished,  but  should  be  referred  to  independent  scientific 
advisers — persons  who  were  not  trammeled  by  official  traditions, 
but  were  in  touch  with  scientific  advance  and  enthusiastic 
believers  in  it.  If  the  country  spent  a  couple  of  millions  per 
annum  on  experimental  work  of  this  kind  it  would  bear  much 
fruit,  and  we  should  not  find  ourselves  out-shot  by  semi-barbar- 
ous farmers. 

Hope  is  the  great  incentive  to. exertion.  Without  it  a 
nation  is  dead.  Without  it  we  lose  all  belief  in  the  possibility 
of  improvement,  and  improvement  at  once  becomes  impossible. 
The  history  of  electrical  engineering,  the  utilization  of  the  all- 
pervading  ether  for  the  service  of  man,  should  strengthen  our 
hope  and  our  belief  in  the  possibility  of  improvement  For  has 
it  not  revolutionized  society  and  enabled  high  and  low,  rich 
and  poor,  to  lead  better  lives,  by  making  life  less  hard  and 
grimy,  and  thus  improved  the  well-being  of  man  both  materiaUy 
and,  what  is  far  more  important,  morally  as  well  ? 
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ON  THE  SIZE  AT  WHICH  HEAT  MOVEMENTS  ARE 

MANIFESTED  IN  MATTER 

[From  Ntdurty  April  26,  1900.] 

In  the  molecular  theory  of  heat  it  is  assumed  that  the 
motions  of  atoms  and  molecules  are  the  motions  upon  which 
the  phenomena  of  temperature  depend.  These  motions  are 
assumed  to  be  very  irregular,  and  the  apparent  uniformity  of 
structure  of  a  gas,  for  example,  is  attributed  to  the  very  small 
size  and  irregularity  of  the  motions,  which  within  any  region 
of  sensible  size  are  the  same,  on  the  average,  as  within  any 
neighbouring  region.  Within  regions  of  molecular  dimensions 
the  distribution  of  motion  is  extremely  irregular ;  neighbouring 
molecules  are  not  in  general  mo\ing  at  the  same  speed  or 
possibly  vibrating  in  the  same  way.  Hence  in  this  view  the 
scales  in  which  heat  movements  are  manifested  in  matter  are  of 
molecular  sizes,  i.e.  from  10~'  to  10"*  cm. 

In  addition,  however,  to  all  this  matter,  motion,  and  vibra- 
tion, there  are  present  ether  motions  of  an  irregular  kind 
Within  any  closed  envelope  at  constant  temperature  the  ether 
motions  must  be  in  statistical  equilibrium  with  the  motions  in 
the  envelope.  The  energy  per  c.c.  of  these  ether  motions  will 
be  considerable  at  high  temperatures,  and  small  at  low  ones. 
Many  years  ago  I  called  attention  to  the  energy  per  ca 
required  in  order  to,  in  this  sense,  warm  up  ether,  and  showed 
that  it  was  quite  comparable  with  that  required  to  warm  up  a 
rare  gas.  Now  the  size  at  which  these  motions  are  developed 
is  comparable  with  the  wave-length  of  the  ether  disturbances 
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of  the  period  of  the  motion.  In  the  case  of  irr^olar  dia- 
tnrhances,  such  as  cause  temperature  phenomena  in  solids  and 
liquids,  one  cannot  define  precisely  the  size  of  the  ether  dis- 
turbances, because  they  are  of  all  sorts  of  sizes,  being  irregular 
in  the  same  way  as  the  matter  motions  are  irregular ;  but  it  is 
known  that  at  each  temperature  there  is  a  particular  wave- 
length, round  which  the  ether  vibrations  may  be  grouped, 
and  that  this  average  wave-length  is  shorter  the  higher  the 
temperature.  The  wave-lengths  of  these  vibrations,  so  far  as 
they  have  been  observed,  vary  from  2*4  x  !()-•  to  10^  cm. 

It  is  at  once  evident  that  the  average  size  of  the  ether 
motions  is  very  much  greater — quite  a  thousand  times  greater 
— than  the  size  of  the  molecular  motions.  In  the  molecular 
motions  we  could  not  expect  to  find  any  irregularity  of  distri* 
bution  within  distances  such  as  we  can  see  with  a  microscope, 
because  within  a  visible  volume  there  there  will  be  millions  of 
molecules,  and  the  average  motion  will  be  all  that  we  can 
expect  to  see.  Is  it  necessarily  so  as  regards  the  ether  motions 
which  exist  on  so  much  a  greater  scale  ?  Is  there  any  way 
in  which  these  very  much  larger-scale  phenomena  may  be 
expected  to  affect  matter  on  a  scale  comparable  with  their 
own  size,  and  which  consequently  we  might  expect  to  be  able 
to  see,  and  which  might  produce  effects  on  masses  of  matter 
consisting  of  millions  of  molecules? 

We  may  consider  in  this  connexion  an  analogy  from  sound. 
In  sound  we  can  have  small  solid  objects,  such  as  masses  sup- 
jwrted  by  springs,  which  give  out  waves  in  air  very  much 
longer  than  the  sounding  object.  A  tuning-fork,  for  example, 
may  be  only  a  few  centimetres  long,  and  may  give  out  waves  a 
metre  long.  The  balance  wheel  in  a  watch  vibrating  quarter 
seconds  would  generate  waves — feeble  ones  no  doubt,  but  still 
waves — 80  metres  long,  or  some  8000  times  the  linear  dimen- 
sions of  the  vibrating  object.  Similarly  the  vibrations  of 
molecules  generate  ether  waves  many  thousands  of  times  as 
long  as  the  linear  dimensions  of  the  molecules.  On  the  other 
hand,  solid  bodies  may  be  much  longer  than  the  air  waves  they 
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produce.  A  bar  of  steel  vibrating  longitudinally  would  be 
fifteen  times  as  long  as  some  of  the  air  waves  it  would  gene- 
rate. A  pipe  full  of  air  would  be  of  about  the  same  length  as 
the  air  waves  to  which  it  would  resonate, — not  less  than  about 
a  quarter  as  long.  If,  then,  we  had  a  large  number  of  sounding 
bodies,  some  small  ones  like  small  tuning-forks,  balance  wheels, 
and  such  like,  and  others  like  pipes  of  a  size  comparable  with 
the  air  waves,  we  would  expect  that  when  the  small  ones  wera 
all  sounding,  the  larger  ones  would  resonate  to  their  corre- 
sponding waves,  and  thus  be  set  in  vibration  by  the  waves 
originated  in  the  smaller  bodies. 

In  the  case  of  electromagnetic  waves  we  should  expect  the 
same  result.  If  there  are  bodies  comparable  in  size  with  the 
beat  waves  in  the  ether,  which  can  have  electromagnetic  vibra- 
tions produced  in  them  of  the  same  periods  as  those  emitted  by 
the  molecules,  these  bodies  should  resonate  to  these  heat  waves. 
Now,  by  utilising  the  ordinary  process  of  conduction  in  metals, 
we  know  that  it  is  possible  for  electromagnetic  vibrations  to 
exist  in  conductors  of  a  small  size,  down  to  a  few  millimetres 
in  diameter ;  and  there  is  no  reason  to  doubt  that  by  means  of 
conduction  very  much  smaller  bodies  can  have  electromagnetic 
vibrations  in  them.  Dr.  Lodge,  indeed,  has  suggested  that  the 
structures  in  the  retina  are  of  about  the  right  size  to  resonate 
electromagnetically  to  waves  of  the  frequency  of  the  light 
waves  that  affect  our  eyes.  Larger  objects  would  resonate  to 
the  electromagnetic  vibrations  corresponding  to  the  ordinary 
air  temperatures.  A  sphere  10"'  cm.  in  diameter  would,  for 
instance,  resonate  to  waves  of  about  the  greatest  length  that 
have  been  measured  by  Eubens  and  Nicholls,  and  a  much 
larger  one  could  have  a  harmonic  of  its  fundamental  tone 
excited  in  it  by  these  waves.  In  addition  to  these  vibrations 
in  conductors,  non-conductors  of  one  specific  inductive  capacity 
immersed  in  a  medium  of  a  different  specific  inductive  capacity 
could  also  have  syntonic  vibrations  excited  in  them.  From  all 
this  it  seems  quite  certain  that  in  small  particles  of  matter  there 
must  exist,  at  all  temperatures,  electromagnetic  vibrations  of  a 
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8ize  comparable  with  the  wave-lengths  existing  in  the  sur- 
rounding ether. 

What  sort  of  effects  might  we  expect  to  be  produced  by 
these  electromagnetic  vibrations?  Is  there  any  prospect  of 
our  being  able  to  detect  them  ?  What  amount  of  energy  may 
there  be  in  this  form  of  vibration  on  each  particle?  These  are 
questions  to  which  I  am  afraid  I  can  only  give  very  vague 
answers.  To  the  first  question,  as  to  what  effects  may  be 
expected  to  be  produced  by  these  vibrations,  I  can  only  suggest 
in  the  first  place  an  unequal  heating  of  the  particle.  The  parts 
of  the  particle  which  are  the  electric  nodes,  where  the  electric 
current  alternates  and  where  there  are  no  electric  charges, 
these  parts  should  be  kept  at  a  slightly  higher  temperature 
than  the  electric  loops.  If  the  particle  were  not  perfectly 
symmetrical,  this  would  lead  to  an  unequal  heating  of  the 
particle  as  a  whole,  and  this  may  be  a  cause  of  those  so-caUed 
Brownian  motions  of  small  particles  immersed  in  a  liquid 
which  are  so  very  difficult  to  explain.  In  the  second  place,  it 
may  lead  to  a  grouping  together  of  molecules  into  masses  of  a 
size  depending  on  the  temperature  of  the  liquid,  and  to  a  going 
about  of  these  groups  of  molecules  and  a  similarity  of  the 
vibrations  of  the  component  molecules  which  complicates  the 
theory  of  temperature  in  a  way  that  may  ultimately,  as  I  have 
before  now  pointed  out,  explain  to  some  extent  the  difficulties 
at  present  surrounding  this  theory.  In  the  third  place,  this 
may  be  connected  with  the  conditions  for  tlie  breaking  down 
of  simple  viscous  motion  and  the  production  of  voitices  in  a 
liquid,  though  I  hardly  think  an  explamrtion  on  these  lines  is 
required;  and,  finally,  it  may  be  connected  with  crystalline 
forces,  the  structures  in  the  eye,  vital  actions  in  small  cells  and 
on  a  small  scale,  as  in  the  patterns  on  diatoms,  and  possibly 
with  the  temperature  at  which  \dtal  actions  of  certain  kinds, 
such,  for  example,  as  consciousness,  are  possible.  These  are  the 
merest  guesses  of  a  wild  kind  as  to  the  possible  results  of  what 
seems  to  be  a  vera  causa  for  structures  and  actions  in  matter  of 
a  size  comparable  with  the  wave-lengths  of  light,  and  must  be 
taken  as  merely  wild  guesses. 


504  The  Scale  of  Heat-motions  (^1900 

As  to  the  second  question,  of  the  prospect  of  detecting 
these  electromagnetic  vibrations  in  particles  of  matter,  its 
answer  depends  so  entirely  upon  the  first  that  I  can  only 
leave  it  to  the  investigators  of  the  future  to  try  and  detect 
them.  That  such  electromagnetic  vibrations  exist,  I  think  can 
hardly  admit  of  doubt,  any  more  than  that  the  strings  of  a 
piano  are  kept  in  vibration  when  loud  and  irregular  noises  are 
produced  in  its  neighbourhood. 

As  to  the  energy  of  the  vibrations  upon  each  particle,  I 
cannot  give  any  satisfactory  answer.  If  the  particle  were  in  a 
region  through  which  a  series  of  plane  waves  of  a  constant 
type  were  being  transmitted,  it  would  no  doubt  be  possible  to 
solve  the  problem  of  determining  the  amplitude  of  its  vibra- 
tions in  particular  cases  of  assumed  shapes  of  particles.  In  the 
actual  case  of  irregular  disturbances  I  do  not  see,  at  present, 
any  direct  way  of  attacking  the  problem.  It  would  apparently 
require  to  be  attacked  statistically ;  but  I  doubt  whether  this 
would  lead  to  a  true  result,  because  there  seems  some  reason 
to  think  that  trains  of  uniform  waves  of  considerable  length  do 
exist  in  the  ether,  and  if  there  is  any  regularity  of  this  kind  in 
the  ether  motions,  a  purely  statistical  treatment,  in  which  the 
vibrations  were  assimied  to  be  quite  irregular,  would  fail  to 
lead  to  a  true  result.  If  the  energy  of  these  electromagnetic 
vibrations  of  its  fundamental  period  on  a  particle  is  no  greater 
than  corresponds  to  its  one  degree  of  freedom  on  Boltzmann's 
theory  of  partition  of  energy,  I  am  afraid  the  amount  of  energy 
of  this  kind  on  each  particle  is  hardly  suflBcient  to  account  for 
any  observable  phenomenon.  That  it  may,  however,  be  much 
greater  seems  justified  by  the  failure  of  this  theory,  so  far  as  is 
known,  in  other  cases ;  and  this  must  be  my  excuse  for  callini; 
attention  to  what  seems  certainly  a  vera  causa  for  structures 
and  actions  in  matter  of  a  size  comparable  with  the  heat  vibra- 
tions in  the  ether,  even  though  the  amount  of  this  cause  may, 
when  fully  investigated,  turn  out  to  be  so  small  as  to  be 
insufificient  to  produce  observable  efiects. 
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THE  RELATIONS  BETTTEEN  ETHER  AND  MATTER* 

[From  Nature^  July  19,  1900.] 

This  work  is  essentially  the  same  as  an  essay  to  which  an 
Adams  Prize  was  awarded  by  the  University  of  Cambridge. 
The  subject  for  which  the  prize  was  offered  was  Aberration, 
and  as  this  phenomenon,  together  with  the  Doppler  effect  on 
the  frequency  of  light  vibrations,  are  the  only  ones  known  due 
to  the  motion  of  matter  through  the  ether  (the  spelling  sether  is 
disagreeably  cumbrous),  it  naturally  led  to  a  discussion  of  the 
connexion  between  ether  and  matter,  and  the  effect  of  their 
relative  motion  on  the  phenomena  of  electromagnetism. 

There  is  a  good  deal  of  similarity  between  the  develop- 
ment of  this  work  and  that  of  Maxwell's  treatise.  If  one  reads 
Maxwell's  papers,  it  is  pretty  evident  that  he  began  with  a 
somewhat  definite  hypothesis  as  to  the  nature  of  the  strains  in 
the  ether  to  which  he  attributed  electromagnetic  phenomena ; 
but  in  his  treatise  on  electricity  and  magnetism  there  is  hardly 
a  trace  of  all  this  except  in  the  reference  to  molecular  vortices 
by  which  he  justifies  his  equations  for  wave-propagation  in 
magnetized  media.  In  a  similar  way,  Mr.  Larmor  has  published 
papers  in  which  the  relations  between  ether  and  matter  are 
developed  in  connexion  with  a  suggestion  as  to  the  nature  of  an 
electron  which  is  only  hinted  at  in  the  body  of  the  present 
work,  and  is  relegated  to  an  appendix  with  some  deprecatoiy 
remarks  as  to  its  being  merely  an  analogy  to  show  that  the 

*  ^ther  and  MatUr,     By  Joseph  Larmor.    Pp.  xxriii  +  365.    (Cambridge 
University  Prefs,  1900.) 


5o6         The  Relations  between  Ether  and  Matter    \\qoo 

properties  of  an  electron  are  not  impossible.  The  hypothetical 
structure  attributed  to  an  electron  requires  the  medium  to 
possess  a  very  remarkable  property  which  we  do  not  find  in 
matter,  namely,  an  elastic  reaction  against  absolute  rotation  of 
its  elements;  and  although  Mr.  Larmor  shows  that  gyrostats 
connected  with  these  elements  might  confer  such  a  property  on 
them,  he  does  not  go  so  far  as  to  develop  any  very  definite 
structure  for  the  medium,  contenting  himself  with  having 
shown  that  such  properties  as  he  assumes  are  not  necessarily 
anti-dynamicaL  No  structure  for  the  medium  that  depends  on 
gyrostats  supported  by  a  rigid  framework  can  possibly  be  more 
than  a  rough  working  hypothesis,  being,  in  fact,  very  little 
better  than  the  brass  wheel  and  india-rubber  band,  or  tubes 
full  of  liquid  with  circulating  pumps,  that  have  been  suggested 
as  models  to  show  that  Maxwell's  equations  do  not  necessarily 
postulate  impossible  or  adynamical  properties  for  the  ether. 

But  just  as  Maxwell's  treatise  is  really  independent  of  the 
dynamical  analogies  from  which  it  grew,  so  I^ir.  Larmor's  work 
is  really  independent  of  his  suggested  working  analog^  as  to  the 
structure  of  an  electron.  The  whole  work  is  based  upon  the 
hypothesis  that  electricity  is  atomic  in  its  nature,  there  being 
only  two  kinds  of  atoms,  positive  and  negative  electrons.  These 
electrons  are,  he  supposes,  essentially  centres  of  strain  in  the 
ether,  and  move  from  place  to  place  in  much  the  same  way  as  a 
drop  of  water  might  move  through  ice,  melting  in  front  and 
freezing  up  behind.  Mr.  Larmor  leaves  it  for  futui'e  investi- 
gation to  determine  whether  there  is  any  core,  like  that  of 
a  vortex  ring,  that  accompanies  this  complex  strain  wave  as 
it  moves  through  the  ether.  As  to  the  nature  of  matter,  the 
only  suggestion  is  that  it  consists  of  clusters  of  electrons  in 
orbital  motion  round  one  another;  but  as  the  dynamics  of 
such  a  system  has  never  been  worked  out,  it  is  impossible 
either  to  assert  or  deny  the  possibility  of  a  permanent  exis- 
tence of  such  clusters.  If  this  be  the  structure  of  matter,  it 
certainly  makes  it  probable  that  the  transmutation  of  the 
elements  is  a  possible  development  of  chemistry,  while  a  struc- 
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ture  such  as  that  of  knotted  vortices  would  make  it  improbable 
that  we  would  ever  be  able  to  untie  them  and  thus  transmute 
one  atom  into  another.  There  is  the  alternative  possibility 
that  we  may  find  means  of  transmuting  elements  within  any 
one  of  their  related  groups,  but  that  we  may  find  ourselves 
unable  ever  to  transmute  one  group  into  another.  Of  course, 
if  we  ever  found  out  some  means  of  manufacturing  electrons 
and  matter  we  could  probably  transmute  one  kind  of  matter 
into  another,  though  this  latter  might  be  possible  according 
to  Mr.  Larmor's  hypothesis,  while  the  manufacture  of  either 
electrons  or  matter  would  be  impossible. 

All  theories  that  explain  electric  currents  by  the  motion  of 
electrons  are  really  based  upon  Rowland's  classical  experiment, 
that  a  moving  electric  charge  produces  the  same  magnetic  effects 
as  an  electric  current,  and  its  converse  that  the  electric  force 
due  to  changing  magnetic  induction  produces  the  same  effect  in 
moving  an  electric  charge  that  the  electric  force  due  to  another 
electric  charge  would  produce,  i,e,  that  electric  force  due  to 
these  two  causes  is  the  same.  Our  whole  treatment  of  electro- 
magnetism  is  practically  based  upon  these  same  assumptions ; 
but  it  is  remarkable  that  so  few  attempts  have  been  made  to 
i-epeat  this  fundamental  experiment  of  Rowland's,  and  no 
successful  attempt  seems  to  have  been  made  to  directly  verify 
its  converse.  In  a  recent  number  of  the  Comptes  rendus  there  is 
an  account  of  a  most  interesting  attempt  to  measure  the  electric 
current  that  one  would  expect  to  be  produced  in  a  surrounding 
coil  when  a  convection  current  such  as  Rowland  studied  is 
being  started  and  stopped.  M.  Cr^mieu  has  carried  out  an 
experiment  on  this  with  great  care,  and  in  a  form  in  which 
one  would  certainly  expect  that  the  changing  magnetic  induc- 
tion due  to  the  magnetic  force  Rowland  observed  should  produce 
an  induced  current  in  a  coil  of  wire.  He  observed  no  such 
effect,  and  concludes  that  there  is  no  magnetic  force  such  as 
Rowland  observed  due  to  a  moving  electric  charge.  These 
moving  electric  charges  are,  however,  in  some  respects,  so 
imperfectly  known  that   there   may  yet  be   some  difference 
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between  driving  a  current  by  mechanical  and  electrical  forces, 
and  that  it  is  still  possible  there  may  be  some  other  explanation 
than  that  drawn  by  M.  Cr^mieu  as  the  result  of  his  interesting 
and  important  experiment.  Mr.  Larmor's  investigations  in  this 
treatise  of  the  effects  of  moving  matter  hardly  touch  the  questicm 
raised  by  M.  Cr^mieu,  for  his  investigation  is  concerned  with 
steady  states,  while  M.  Cr^mieu's  experiment  is  essentially 
concerned  with  variable  ones.  If  he  is  right  and  there  is 
really  no  magnetic  force  due  to  a  moving  electric  chaige,  and  if 
consequently  we  must  look  to  some  other,  possibly  accidental, 
cause  for  Eowland's  observation,  it  will  certainly  revolutionize 
the  whole  modern  treatment  of  electromagnetism.  The  question 
raised  by  this  experiment  is,  any  way,  one  of  the  most  fnnda- 
mental  ones  in  the  connexion  between  ether  and  matter,  and  it 
is  to  be  hoped  that  this  question  will  be  settled  soon  in  a  con- 
clusive way,  either  by  showing  that  M.  Cr^mieu's  conclusion  iB 
not  justified  by  his  observation,  that  his  experiment  really 
confirms  a  complete  theory,  or  by  overthrowing  aU  our  existing 
views,  and  leaving  a  free  field  for  the  twentieth  century  to  build 
a  new  theory  of  electromagnetism  on  a  firmer  foundation. 

In  discussing  the  result  of  llichelson  and  Morley's  experi- 
ments, from  which  they  concluded  that  the  ether  is  carried 
along  by  the  Earth  in  its  motion,  Mr.  Larmor  shows  that  such 
a  hypothesis  is  quite  inconsistent  with  the  fact  of  aberration 
and  with  the  tenability  of  Sir  George  Stokes's  suggestion  that 
ether  is  like  a  very  soft  jelly.  How  such  a  soft  material  could 
be  the  means  by  which  tramcars  are  driven  by  shearing  stresses 
seems  an  additional  difficulty  in  the  way  of  this  suggestion. 
Mr.  Larmor  concludes  that  the  stone  support  on  which  the 
mirrors  were  borne  changed  in  its  dimensions,  as  it  was  rotated, 
by  an  amount  proportional  to  the  square  of  the  ratio  of  its 
velocity  to  the  velocity  of  light ;  and  he  justifies  this  by  showing 
that  if  matter  consists  of  clusters  of  electrons,  just  such  a  change 
of  dimensions  would  take  place  as  the  experiment  shows  to 
take  place.  There  i&  some  difficulty  in  the  hypothesis  that  the 
inertia  of  matter  or  any  large  part  of  it  is  like  that  of  electrons. 
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and  due  to  the  motion  of  the  neighbouring  ether,  because  this 
involves  the  supposition  that  the  inertia  would  change  with  the 
distance  between  the  component  electrons.  That  there  may  be 
some  very  minute  effect  of  this  kind  is  quite  possible,  though  as 
yet  undiscovered,  but  that  any  large  effect  of  the  kind  exists 
seems  extremely  improbable.  Possibly  a  careful  study  of  the 
accuracy  of  Kepler's  laws  as  applied  to  the  solar  system  might 
show  some  discrepancy  depending  on  a  difference  between  the 
average  distance  of  the  electrons  in  such  different  materials  as 
probably  constitute  Neptune  and  Mercury. 

A  previous  question  to  all  our  explanations  of  phenomena 
by  analytical  dynamics  is  raised  by  Mr.  Larmor  in  Appendix  B, 
"  On  the  scope  of  Mechanical  Explanation ;  and  on  the  Idea  of 
Force."  He  has  utilised  the  principle  of  least  action  throughout 
his  w^ork,  and  this  appendix  is  a  justification  of  his  doing  so,  and 
besides  raises  questions  as  to  the  applicability  of  dynamical 
explanation  to  the  growth  and  decay  of  \ital  oi-ganisms.  Hertz 
objected  to  the  adequacy  of  the  principle  of  least  action  as  a 
complete  solution  of  all  possible  dynamical  systems,  because  it 
is  not  generally  applicable  when  rolling  takes  place,  and  we 
cannot  be  sure  that  rolling  may  not  be  one  of  the  fimdamental 
facts  of  the  dynamics  of  the  ether.  Sir.  Lannor  dismisses  this 
objection  on  the  doubtful  ground  that  "  rolling  is  foreign  to 
molecular  dynamics."  Hertz  had  also  objected  to  the  principle 
of  least  action  for  the  semi-metaphysical  reason  that  it  makes 
the  present  state  of  the  system  depend  on  the  future  as  well  as 
on  the  past.  As  Mr.  Earmor  himself  uses  in  his  work  the  vector 
potential  which  makes  the  state  at  each  place  depend  on  what 
is  simultaneously  occurring  at  all  parts  of  the  imiverse,  he 
naturally  finds  no  objection  to  the  principle  of  least  action, 
because  it  makes  the  present  depend  on  all  future  time.  Neither 
of  these  methods  is  unobjectionable ;  each  is  an  analytical  juggle 
which  has  to  be  most  carefully  guarded  lest  it  lead  \is  into 
mistakes.  The  way  in  which  the  vector  potential  apparently 
locates  the  energy  in  the  current  instead  of  in  the  magnetic 
field  outside  it  is  a  most  serious  objection  to  its  use,  although 
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Mr.  Lannor  seems  to  have  steered  clear  of  the  difficulties  raised 
by  this  curioxis  complicatioiL  In  a  similar  way  the  principle  of 
least  action  is  open  to  the  objection  of  Hertz  of  making  the 
present  apparently  depend  on  the  future  to  an  extent  that  does 
not  apply  to  his  own  principle  of  the  straightest  patL  It  is  a 
question  for  consideration  in  connexion  with  Mr.  Larmor^s  dis- 
cussion on  the  applicability  of  dynamics  to  vital  phenomena 
whether  the  possibility  of  determining  our  actions  by  considera- 
tions as  to  the  future  is  not  connected  with  the  possibili^  of 
analytically  expressing  the  dynamics  of  the  present  by  a  formula 
which  involves  the  future. 

It  will,  from  this  meagre  review,  be  evident  that  Mr. 
Larmor's  treatise  raises  most  fundamental  and  interesting 
questions,  and  is  one  that  all  who  desire  to  strengthen  the 
foundations  of  our  knowledge  of  nature  should  carefully  study. 
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2ETHER  AND  MATTEE* 

[From  the  Eltetrieian,  July  20,  1900.] 

All  Nature,  so  far  as  physical  investigation  extends,  consists 
of  sether  (why  need  one  be  bothered  Avith  that  inconvenient 
diphthong?  ether  is  much  easier  to  \mte)  and  matter,  and 
consequently  Mr.  Larmor's  treatise  naturally  touches  on  an 
immense  variety  of  fields.  The  basis  of  our  theories  of  light, 
electricity  and  magnetism,  chemical  action,  electrolysis,  aber- 
ration, the  Zeeman  effect,  are  all  touched  on,  together  with  a 
discussion  on  the  Scope  of  Mechanical  Explanation,  and  on  the 
Idea  of  Force.  It  will  thus  be  seen  that  it  deals  with  questions 
which  lie  at  the  basis  of  our  whole  conception  of  the  physical 
universe,  and  of  our  methods  of  explaining  its  phenomena.  It 
would  require  more  space  than  could  reasonably  be  accorded  to 
a  review,  and  more  time  than  the  readers  of  the  Electrician 
would  mostly  care  to  devote  to  the  subject,  to  discuss  in  a  way 
tliat  could  be  followed  the  questions  raised  by  Helmholtz,  Hertz, 
and  Larmor  as  to  the  sufficiency  of  the  principle  of  least  action 
as  a  basis  of  our  mathematical  analysis  of  physical  phenomena, 
but  the  readera  of  the  Electrician  may  naturally  feel  an  interest 
in  many  of  the  questions  dealt  with  in  this  important  work. 

In  dealing  with  the  phenomena  of  electromagnetism  we  may 
consider  ether  and  matter  as  all  one  medium  with  different 
properties  in  its  diffei-ent  parts,  some  parts  being  insulating 
and  some  conducting,  some  having  one  permeability  and  some 

*  .JSiher  and  MatUr.     By  Jotepb  Larmor.     (Cambridge  Uni?«rsity  Frets, 
1900.) 
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another.  In  such  a  treatment  it  is  not  necessary  to  look  for 
an  explanation  of  these  properties,  and  such  a  treatment  covers 
a  large  ntunber,  indeed  a  very  large  number,  of  the  phenomena. 
It  is  the  method  employed  in  our  ordinary  treatise  on  electro- 
magnetism,  and  is  quite  sufficient  for  most  purposes.  But  just 
as  dealing  with  light  as  propagated  in  rays  is  a  most  useful 
method  in  optics,  but  breaks  down  when  we  study  the  subject 
more  profoundly,  so  we  are  driven  by  many  electro-chemical 
phenomena,  by  the  electric  discharges  in  vacuum  tubes,  and  by 
a  number  of  other  phenomena  in  which  the  relation  of  molecules 
and  atoms  of  matter  to  the  ether  is  involved,  to  form  some  more 
definite  hypothesis  as  to  the  connexion  of  ether  and  matter  than 
the  simple  one  that  we  are  dealing  with — a  single  continuous 
medium  with  different  properties  in  different  parts.  Ever  since 
Faraday  discovered  the  law  of  electrolysis,  that  to  the  rupture  of 
each  chemical  bond  there  corresponded  the  transference  of  the 
same  quantity  of  electricity,  no  matter  what  the  kind  of  bond 
might  be,  it  has  been  in  the  scientific  air  that  electricity  as  well 
as  matter  may  be  atomic.  Maxwell,  in  this  connexion,  was 
driven  to  use  the  term  *  atom  of  electricity,'  although  he  depre- 
cated it  as  quite  contrary  to  the  whole  spirit  of  his  treatise ;  but 
it  is  now  recognised  largely,  thanks  to  Mr.  Larmor,  and  to  Prof. 
Lorentz  of  Leyden,  that  so  far  from  this  idea  being  contrary  to 
the  spirit  of  Maxwell's  treatise  it  is  in  reality  quite  compatible 
with  it,  and  from  some  points  of  Niew  even  essential.  Mr.  Lar- 
mor's  book  is  mostly  concerned  with  an  elaboration  of  this  view 
of  the  nature  of  electricity.  He  supposes  that  these  atoms  of 
electricity,  or  electrons,  as  Mr.  Stoney  called  them,  produce  the 
phenomena  of  electric  currents  by  their  motion,  and  either  move 
from  molecule  to  molecule  of  matter,  as  in  ordinary  metallic 
conduction,  or  along  with  the  atoms  of  matter,  as  in  electrolytic 
conduction.  To  suppose  that  an  electric  current  consists  of 
opposite  streams  of  positive  and  negative  separate  electrons 
instead  of  a  continuous  process  taking  place  at  all  parts  of  a 
conducting  wire  necessitates  a  rather  complicated  study  of  the 
equations   that  are  ordinarily  used  ;   and  this  is  one  of  the 
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matters  that  IMr.  Larmor  devotes  attention  to,  with  the  result 
that  he  finds  that  all  the  ordinary  equations  are  applicable  to 
the  theory  he  is  investigating,  to  the  d^ee  of  accuracy  attain- 
able by  our  existing  methods  of  studjring  the  phenomena.  It 
seems,  however,  pretty  certain  that  if  an  electric  current  consists 
in  the  motion  of  separate  electrons  it  cannot  be  exactly  equiva- 
lent to  a  current  uniformly  distributed  over  the  conductor.  The 
self-induction  of  a  current  that  nms  in  a  set  of  separate  wires 
is  somewhat  greater  than  that  of  a  current  uniformly  distributed 
over  the  same  area  as  that  occupied  by  the  wires,  and  one  would 
consequently  expect  a  small  difference  between  the  calculated 
and  obser\'ed  self-inductions  of  a  coil,  if  this  electron  hypothesis 
be  true.  Hertz  looked  for  but  failed  to  detect  anything  of  this 
kind.  The  effect  to  be  expected  is  so  veiy  small  that  even  he 
may  very  well  have  been  unable  to  find  it  with  the  appliances 
at  his  disposal. 

Mr.  Larmor's  fundamental  treatment  of  the  subject  enables 
him  to  discuss  effectively  the  changes  in  electric  and  magnetic 
phenomena  that  may  be  expected  to  arise  owing  to  the  motion 
of  matter  through  the  ether.  In  one  of  the  appendices  he  enters 
into  a  discussion  as  to  how  this  is  possible  when  the  ether  is  a 
medium  that  transmits  transverse  vibrations.  The  only  other 
media  we  are  familiar  with  that  transmit  transverse  vibrations 
are  solids,  through  which  we  cannot  in  general  move  without 
resistance.  He  shows  conclusively  that  the  suggested  explan- 
ation of  Sir  George  Stokes,  that  the  ether  is  like  a  very  soft 
solid,  is  untenable  on  account  of  the  existence  of  aberration,  and 
the  absence  of  any  evidence  of  slipping  of  tho  Earth  through  the 
ether  with  the  consequent  irregular  distribution  of  relative 
velocity  over  its  surface.  His  theory  practically  assumes  that 
matter  can  move  through  the  ether  much  in  the  way  that  a 
drop  of  liquid  water  can  move  through  a  lump  of  ice,  namely, 
by  melting  in  front  and  freezing  up  again  behind.  Upon  this 
class  of  theory,  matter  and  electrons  are  centres  of  some  peculiar 
strain  in  the  ether,  and  when  tliey  move  it  is  this  strain  that 
moves  like  a  wave  through  the  ether,  whether  with  a  central 
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core,  like  the  core  of  a  vortex  ring,  or  without  one  is  not  finally 
decided.  The  general  conclusion  at  which  Mr.  Lannor  arrives  is 
that  no  terrestrial  experiments  yet  devised  can  decide  whether 
the  ether  is  or  is  not  stagnant  near  the  Earth,  because  the 
phenomena  would  be  exactly  the  same  so  far  as  our  exiating 
means  of  observation  are  concerned,  whether  the  observer  and 
all  his  surroundings  were  standing  still  relatively  to  the  ether, 
or  were  moving  with  ouch  velocities  as  20  miles  a  second,  which 
is  comparable  with  that  of  the  Earth  in  its  orbit,  and  is  the 
greatest  at  our  disposal  In  order  to  reconcile  this  with  the 
residt  of  Michelson  and  Morley's  classical  experiment  he  has 
to  assume  that  the  length  of  a  body  depends  on  whether  it  is 
moving  lengthwise  or  sideways  through  the  ether.  To  justify 
this  he  shows  that,  if  the  laws  connecting  the  forces  between 
material  atoms  vary  with  motion  through  the  ether  in  the  same 
sort  of  way  as  those  between  electric  charges  do,  then  just  the 
required  change  of  length  that  experiment  demands  woidd 
occur.  This  seems  to  make  it  practically  certain  that  Michel- 
son  and  Morley's  experiment  is  reaUy  a  very  accurate  measure- 
ment  of  the  change  of  length  of  a  body  as  it  moves  in  different 
directions  through  the  ether.  As  this  theory  would  require 
that  a  diameter  of  the  Earth  should  only  change  by  about  10  cm. 
as  it  moves  in  different  directions  through  the  ether,  the  extra- 
ordinary delicacy  of  ilichelson  and  Morley's  experiment  is  made 
evident.  It  is  to  be  regretted  that  no  effect  other  than  aber- 
ration and  the  change  of  frequency  of  light  waves,  due  to  the 
relative  motion  of  the  Earth  and  the  ether,  can  be  detected ; 
for,  if  any  considerable  change  in  electromagnetic  forces  due  to 
this  cause  existed,  there  might  be  some  hope  of  our  being  able 
to  utilise  this  relative  motion  to  drive  engines,  and  thus  obtaiu 
a  source  of  power  practically  unlimited  in  amount,  and  confined 
to  no  one  part  of  the  Earth  * 

The  book  consists  of  fifteen  chapters  and  six  appendices. 
The  fifteen  chapters  are  substantially  the  same  as  the  work  to 
which  an  Adams  prize  was  awarded  to  Mr.  Larmor  in  1898, 

[♦  See  Noi.  107-8  infra.'] 
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and  contain,  in  addition  to  the  subjects  already  referred  to, 
discussions  as  to  the  effect  of  the  motion  of  the  medium  on  the 
transmission  of  light  through  it,  as  to  the  nature  of  Eontgen 
radiations,  and  as  to  the  pressure  that  light  exerts  on  bodies 
that  reflect  or  absorb  it.  The  appendices  contain  an  admirable 
summary  of  the  relation  of  electrolytic  conductivity  to  ionic 
theory  and  electric  osmosis,  and  a  short  account  of  the  theory 
that  explains  thermo-electricity  by  the  motion  of  electrons. 
In  Appendix  E,  Mr.  Larmor  develops  a  theory  as  to  the 
intrinsic  nature  of  an  electron  that  is  most  interesting  and 
suggestive,  even  if  not  in  every  respect  unassailable.  Advance, 
however,  would  be  impossible  if  every  hypothesis  were  relegated 
to  the  lumber  heap  that  appeai*ed  open  to  serious  objections. 
The  wave  theory  of  light  was  long  discarded  on  account  of  the 
difl&culty  felt  in  reconciling  it  with  the  rectilinear  propagation 
and  the  polarization  of  light,  and  even  yet  some  difl&culty 
attaches  to  it  on  account  of  the  free  motion  of  matter  through 
a  medium  that  transmits  transverse  waves.  Yet  the  diflSculty 
does  not,  fortunately,  prevent  our  accepting  the  wave  theory  of 
light  as  even  more  than  a  working  hypothesis.  Mr.  Larmor 
does  not  claim  more  than  this  for  his  suggestion  as  to  the 
nature  of  an  electron. 

The  last  appendix  contains  an  account  of  most  of  what  is 
known  as  to  the  theory  of  the  Zeeman  effect  and  its  connexion 
with  Faraday's  discovery  of  the  effect  of  the  magnetization  of  a 
medium  in  rotating  the  plane  of  polarization  of  light 

In  all  its  parts  the  work  is  most  interesting  and  suggestive, 
though  in  many  places  so  condensed  and  general  in  its  language 
as  to  be  very  difl&cult  to  follow.  It  marks  a  distinct  advance 
in  the  scientific  treatment  of  electromagnetic  phenomena  and 
important  developments  of  our  knowledge  of  the  connexion 
between  matter  and  ether. 
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MB.  HIBGRAYE'S  PAFEB  ON  SAHING  BIRDS 

[From  the  Atnmautieal  Journal^  Julj,  1900.] 

I  HARDLT  think  that  Lord  Bajleigh  can  have  fully  understood 
Mr.  Hargrave's  contention  when  he  "fully  agreed"  with  Mr. 
Maxim  that  the  simple  lifting  up  and  down  of  the  air  by  waves 
could  not,  without  any  onward  wind,  enable  a  bird  to  sustain 
its  weight.  It  is  of  no  consequence  to  a  bird  whether  the  air 
within  which  it  is  flying  is  or  is  not  accompanied  in  its  motion 
by  the  seawater  or  by  neighbouring  air,  and  if  any  simple  upward 
draught  of  air  can  enable  a  bird  to  support  its  weight,  the  upward 
draught  accompanying  the  back  of  a  wave  can  do  so.  ITo  doubt 
the  bird  must  be  falling  relatively  to  the  air  in  which  it  is 
moving,  and  from  that  point  of  view  it  might  appear,  at  first 
sight,  as  if  it  must  ultimately  reach  the  water  below  it,  which 
is  rising  at  the  same  rate  as  the  air.  This,  however,  ignores 
the  forward  motion  of  the  bird,  which  is  constantly  carrying 
it  over  a  fresh  water  surface,  which,  though  moving  upwards 
with  the  same  velocity  as  the  last,  began  at  a  lower  level, 
and  is,  consequently,  when  the  bird  reaches  it,  at  the  same 
level  as  the  one  it  has  just  left,  while  this  latter  goes  on  and 
does  reach,  at  the  crest  of  the  wave,  a  maybe  higher  level  than 
the  bird. 

It  is  a  mere  question  as  to  whether  the  bird,  when  moving 
through  the  air  at  the  same  rate  as  the  waves,  will,  or  will 
not,  fall  in  still  air^  at  the  rate  of  the  upward  draught  on 
the  face  of  a  wave.  If  a  bird,  gliding  downwards  at  a  constant 
velocity  in  still  air,  goes  forward  at  the  rate  of  the  wave  and 
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sinks  downwards  more  slowly  than  the  air  at  the  face  of  the 
wave  is  moving  upwards,  then  it  could  ;naintain  itself  in  this 
upward  draught 

It  might,  at  first  sight,  appear  as  if  the  question  were  the 
same  as  the  problem  as  to  whether  a  bird  could  fly  over  an 
undulating  country  when  there  was  no  wind,  but  the  forward 
motion  of  the  waves  and  consequent  variable  motion  of  the  air 
over  them  makes  the  problem  entirely  dififerent.  If  we  could 
assume  that  there  was  no  tangential  force  between  the  water 
and  the  air,  and  it  must  be  quite  small,  the  problem  is  essentially 
the  same  as  that  of  the  motion  of  an  undulating  country  under 
still  air,  or  what  comes  to  the  same  thing  the  motion  of  air  over 
an  unmoving  undulating  country ;  and  on  eveiy  hand,  by  Lord 
Eayleigh  and  all  other  authorities  I  know  of,  it  is  conceded  that 
a  bird  can  use  the  upward  draught  of  air  blowing  up  a  hill  to 
sustain  itself  in  a  position  fixed  relatively  to  the  hilL  Now 
suppose  the  air  to  be  stopped,  and  the  bird  and  hill  given  a 
velocity  equal  and  opposite  to  that  of  the  air,  and  we  have 
exactly  Mr.  Hargrave's  case. 

The  real  problem  in  the  case  of  the  bird  is  probably  much 
more  complicated  because  the  motion  of  the  air  near  the  sea  is 
not  merely  up  and  down,  but  is  almost  certainly,  like  that  of 
the  water,  approximately  in  ch'cles  as  the  wave  passes.  The 
bird  consequently  has  not  only  vertical,  but  alternating  hori- 
zontal draughts  to  depend  on,  to  enable  it  to  sustain  itself,  so 
that  I  have  no  doubt  Mr.  Hargrave  is  quite  right  in  his  obser- 
vation. The  only  case  in  which  the  bird  would  be  unable  to 
use  the  waves,  would  be  when  the  wind  was  blowing  at  exactly 
the  same  rate  as  the  waves  were  moving  forward :  that  would 
be  the  same  as  if  the  bird  were  trying  to  fly  over  an  undulating 
country  when  no  wind  was  blowing.  The  case  would  not, 
however,  be  exactly  the  same,  because  there  is  a  tangential 
action  between  the  water  and  the  air,  which,  in  the  case  of  the 
wind  blowing  at  the  same  rate  as  the  waves,  would  set  up  eddies, 
and  prevent  the  lower  air  from  mo\ing  as  fast  as  the  upper  air, 
and  might,  in  a  variety  of  ways,  make  it  quite  possible  for  those 
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dexterous  utilisera  of  differences  of  wind  motion,  the  seafairds,  to 
flj  without  exertion. 

I  feel  the  more  interested  in  this  question,  because  from  the 
time  of  my  first  taking  an  interest  in  lilienthal's  experiments, 
I  have  looked  forward  to  the  possibility  of  human  beings  utilizing 
the  trade  winds  blowing  over  the  sea  as  means  of  locomotion. 
The  irregularity  of  most  winds  renders  their  utilization  by 
manldnd  almost  hopeless,  but  the  r^ularity  of  the  trade 
winds  and  of  the  waves  they  produce  makes  their  utilization 
4,mte  possibla 
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THE  THEORT  OF  IONS 

[From  Nature^  September  27,  1900 ;  being  an  abstract  of  a  communication  • 
introducing  a  discussion  on  Ionization  at  the  British  Association.] 

Ever  since  Faraday  enunciated  the  law  of  electrolysis,  that  the 
same  quantity  of  electricity  passed  when  chemically  equivalent 
masses  of  different  substances  were  produced,  it  has  been  a 
matter  of  speculation  whether  this  may  not  be  due  to  atomic 
charges  of  electricity.  Everyone,  in  describing  electrolysis  and 
explaining  how  the  substances  evolved  appeared  at  the  electrodes 
without  any  apparent  action  in  between  them,  based  his  descrip- 
tion and  explanation  upon  the  supposition  of  electric  charges 
on  the  atoms.  Some  substances,  such  as  hydrogen,  were  given 
positive,  and  some,  such  as  chlorine,  were  given  negative  charges, 
and  the  electric  current  through  the  liquid  was  explained  as 
due  to  the  convection  of  these  charges  by  the  moving  atoms  or 
groups  of  atoms,  and  the  movements  of  these  were  ascribed  to 
the  electric  force  acting  on  these  charges.  The  amount  of  the 
charge  on  each  atom  or  group  of  atoms  was  proportional  to  its 
valency,  and  as  this  has  with  good  reason  always  been  taken  as 
a  whole  number,  the  charges  ascribed  to  the  moving  elements 
were  all  simple  multiples  of  the  charge  ascribed  to  a  monovalent 
atom,  such  as  hydrogen  or  chlorine.  All  this  has  naturally  led 
to  the  hypothesis  that  electricity  itself  is  atomic.  In  electrolysis, 
at  least,  there  is  a  certain  minimum  quantity  that  corresponds 
to  a  single  atomic  bond,  and  quantities  of  electricity  transferred 
by  electrolysis  are  always  multiples  of  this  unit.  It  was  surely 
natural,  then,  to  give  a  name  to  this  important  physical  unit 
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quantity  of  electricity,  and  it  has  consequently  been  called  an 
"  electron." 

Further,  in  electrolysis,  the  electrons  always  appear  c<m* 
nected  with,  and  travelling  with,  certain  atoms  or  groups  of 
atoms.  For  example,  in  copper  sulphate  solutions,  the  positive 
electrons  travel  in  pairs  with  the  divalent  copper  atoms,  and  the 
negative  electrons  with  the  divalent  atomic  group  SO4.  These 
charged  atoms,  or  groups  of  atoms,  playing  such  an  important 
part  in  electrolysis,  have  been  called  ''  ions." 

Now  there  is  a  very  important  difiTerence  between  different 
liquids  in  their  behaviour  when  we  try  to  pass  an  electric  current 
through  them.  Some  are  quite  easily  decomposed,  others  offer 
a  very  great  resistance,  and  it  has  been  a  matter  of  most  inter- 
esting speculation  as  to  the  cause  of  this.  In  the  first  place, 
most  of  the  easily  decomposed  liquids  are  solutions  in  water,  of 
acids,  alkalis,  or  salts,  and  this  has  naturally  attracted  attention. 
In  the  second  place,  these  solutions  are  all  ones  in  which  double 
decompositions  and  such-like  chemical  actions  take  place  with 
facility.  Can  a  common  explanation  be  given  of  this  remarkable 
coincidence  of  electric  conducti\ity  and  chemical  activity? 
Electric  conductivity  is  due  to  two  causes — first,  the  electric 
charges  on  the  ions ;  and  second,  the  independent  mobility  of 
these  oppositely  charged  ions  under  electric  force.  Without 
entering  upon  the  very  interesting  questions  involved  in 
innumerable  speculations  as  to  the  causes  of  these  charges  and 
of  the  mobility  of  the  ions,  all  modem  theories  acknowledge 
that,  in  some  way  or  another,  water,  and  some  other  liquids 
in  a  less  degree,  have  the  very  remarkable  property  of  confer- 
ring upon  certain  substances  dissolved  in  them  the  wonderful 
independent  mobility  of  the  ions  which  we  see  in  electrolysis. 
In  consequence  of  this  mobility  of  these  differently  electrified 
ions,  it  is  easy  to  understand  their  chemical  activity  in  these 
conducting  solutions,  and  thus  these  two  important  properties 
of  these  solutions  receive  a  common  explanation.  No  really 
satisfactory  explanation  of  how  the  solvent  water  confers  on 
substances  dissolved  in  it  this  wonderful  independent  mobility 
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of  the  ions  has  yet  been  proposed.  Some  writers  have  described 
the  phenomena  as  if  all  that  was  needed  lyas  to  assert  that  the 
ions  move  about  independently,  that  the  material  CuSO«,  for 
example,  is  simply  dissociated  into  Cu  and  S0|,  and  that  these 
ions  gad  about  freely  and  independently  in  the  liquid.  Such 
writers  consequently  speak  of  the  substance  as  being  dissociated 
in  solution.  In  what  is  recognized  as  ordinary  chemical 
dissociation  there  is  no  different  electrification  of  the  consti- 
tuents into  which  the  substance  is  dissociated,  and  there  is 
thus  an  essential  distinction  between  the  independent  mobility 
of  electrified  ions  in  solution  and  what  is  recognized  as  chemical 
dissociation.  Whatever  be  the  true  account  of  the  matter,  it  is 
almost  certainly  very  much  more  complicated  than  ordinary 
chemical  dissociation,  and  the  action  of  the  water  is  evidently 
of  the  first  importance.  There  is  great  difficulty  in  explaining 
this  independent  mobility,  on  account  of  two  things  which  have 
not  been  satisfactorily  explained  as  yet.  In  the  first  place,  it  is 
very  hard  to  understand  why  these  oppositely  electrified  ions  do 
not  combine  together  in  pairs  as  they  would  do  if  they  were 
merely  under  the  action  of  the  electric  forces  due  to  their 
opposite  electrification.  In  the  second  place,  it  is  very  hard  to 
understand  where  the  energy  comes  from  that  is  required  to 
separate  these  independent  ions  and  keep  them  free  from  one 
another.  When  copper  sulphate  is  dissolved  in  water  there  is 
very  little  change  of  temperature ;  if  it  be  the  anhydrous  salt, 
there  is  a  rise  of  temperature ;  while  we  would  naturally  expect 
an  enormous  absorption  of  heat  to  account  for  all  the  energy 
that  would  be  required  to  separate  the  Cu  and  SO4  from  one 
another.*  This  all  shows  how  very  different  this  phenomenon 
is  from  ordinary  dissociation,  and  in  consequence  this  peculiar 
action  of  water,  and  in  a  less  degree  of  some  other  solvents,  has 
been  called  "  ionization."  The  two  most  important  properties 
of  an  ionized  fluid  are  conductivity  for  electricity,  and  a  re- 
markably chemical  activity  which  has  been  shown  to  be  directly 
proportional  to  the  conducti^dty. 

[•  See  howefer  p.  372  tupra,'] 
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Besides  liquids  there  are  gaseous  conductors  of  electricitj. 
Glases  do  not  usuallj  conduct  electricity  at  alL    Even  under 
circumstances  when  one  would  naturally  expect  them  to  cany 
electric  charges  on  their  molecules,  they  seem  quite  incapable  of 
doing  so.     When  the  surface  of  a  liquid  is  electrified  and  it 
evaporates,  one  woidd  naturally  expect  the  escaping  molecules 
of  gas  to  carry  away  with  them  some  of  the  electric  charge 
from  the  surface  of  the  liquid.    It  is  not  known  whether  an 
electrified  metal  volatilizing  would  or  would  not  carry  away 
with  it  some  of  the  superficial  electric  charge,*  but  ordinary 
liquids  volatilizing  cei*tainly  do  so  to  a  very  small  extent,  if  at 
alL    This  may  be,  of  course,  because  the  charge  is  carried  by 
superficial  wm,  and  it  is  not  the  ions  that  escape,  but  the  md/t- 
mUes  of  the  liquid  itself.    But  why  these  extremely  movable 
ions  cannot  escape  as  a  gas  from  the  surface  of  the  liquid  is  a 
matter  still  requiring  explanation. 

Under  a  great  variety  of  circumstances,  however,  gases  are 
able  to  conduct  electricity.  Leaving  aside  the  spark,  glow,  and 
arc  discharges  in  gases  at  high  pressures,  and  the  well-known 
discharges  in  gases  at  low  pressures,  in  all  which  cases  there  is 
evidently  something  like  a  breaking  up  of  the  gas  itself  under 
intense  electric  force,  there  are  a  number  of  cases  in  which  a 
gas  can  conduct  electricity  under  quite  feeble  electric  forces. 
Within  any  space  at  all  close  to  a  spark  discharge  of  any  kind, 
in  flames  and  in  the  gases  escaping  from  them,  in  the  neigh- 
bourhood of  surfaces  of  solids  illuminated  by  ultra-violet  light, 
in  the  neighbourhood  of  surfaces  of  solids  being  acted  on 
chemically  by  the  gas,  in  a  gas  traversed  by  kathode  rays,  and 
in  a  gas  traversed  by  X-radiations  and  by  those  various,  most 
curious  and  remarkable,  radiations  that  have  been  classed  under 
the  name  of  Becquerel  rays — in  all  these  cases  gases  conduct 
electricity,  apparently  quite  freely. 

Under  these  circumstances  it  has  been  usual  to  describe  a 
gas  in  this  condition  as  "  ionized,"  and  to  seek  for  a  separate 

[*  A  negatlTe  result  for  sodium  vapour  ha«  been  obtained  by  W.  Craig  Hendersoo, 
Soy.  Soc  Froe,  1900.] 
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and  independent  mobility  of  its  ions.  Great  success  has 
attended  these  investigations.  The  difficulties  that  surround 
ionization  in  liquids  are  mostly  absent  here.  The  ions,  if 
left  for  a  time  to  themselves,  do  combine  together  in  pairs, 
and  it  requires  a  continuous  and  considerable  expenditure  of 
energy  to  keep  them  apart.  The  diffusion  of  the  independent 
electricities  has  been  studied,  and  many  quantitative  results 
that  were  to  be  expected  from  the  theory  have  been  proved 
to  exist. 

There  is,  however,  an  important  difference  between  the 
conductivity  of  a  gas  and  of  a  liquid.  In  the  case  of  a 
liquid,  the  electricity  always  travels  along  with  matter  in  the 
form  of  an  atom  or  a  group  of  atoms ;  in  a  gas  there  is  eveiy 
reason  to  believe  that  we  are  often  dealing  with  electric 
charges  which,  if  connected  with  matter  at  all,  are  connected 
with  masses  which  are  about  500  times  smaller  than  a 
hydrogen  atom.  So  far  no  good  reason  has  been  given  for 
believing  that  the  electric  charges  that  move  about  among 
the  molecules  of  a  gas  carry  any  matter  along  with  them. 
There  does  not  seem  any  difficulty  in  supposing  that  the 
electric  charge  of  an  atom  can  exist  independently  of  the  atom. 
All  theories  of  electrolysis  have  supposed  that  electric  charges 
are  transferred  within  the  liquid  along  with  material  atoms, 
but  from  the  liquid  to  the  electrodes  all  theories  have  supposed 
that  the  electric  charges  jump  from  the  liquid  atom  to  the 
electrode ;  and  if  it  can  jump  from  one  atom  to  another,  there 
seems  no  reasonable  objection  to  believing  in  its  independent 
existence.  On  account  of  the  difference  between  the  nature  of 
the  conductivity  of  a  gas  and  of  a  liquid,  it  would  be  well  to 
confine  the  term  ionization  to  the  case  of  conductivity  due  to 
the  mobility  of  charged  atoms  or  groups  of  atoms,  and  to  call 
the  conductivity  due  to  the  existence  of  these  mobile  electric 
charges  which  are  not  connected  with  atoms  by  another  name, 
such  as  "  electronization." 

One  of  the  most  remarkable  results  of  the  study  of  these 
mobile  electric  charges  which  are  unconnected  with  atoms  is 
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that  onlj  negative  electric  charges  have  as  yet  been  discovered 
to  be  free  from  atoms ;  the  corresponding  positive  charges  seem 
to  be  always  attached  to  atoms  or  groups  of  atoms.  This  has 
naturally  led  to  a  rehabilitation  of  the  old  single-fluid  theoiy 
of  electricity  in  which  matter  plays  the  part  of  the  positive 
fluid  in  the  old  double-fluid  theories,  and  the  phenomena  of 
electronization,  so  far  known,  certainly  lend  support  to  this 
hypothesis.  But  we  really  know  so  little  about  the  subject, 
that  it  is  rather  too  soon  to  form  anything  beyond  a  rou^ 
working  hypothesis.  So  long  as  we  know  that  there  exist  out- 
standing second-order  effects  like  gravitation,  we  are  premature 
in  concluding  that  the  connexion  between  positive  electrifica- 
tion and  matter  proves  any  first-order  difTerence  between 
positive  and  negative  electricity,  as  it  may  be  a  second-order 
efifect. 

The  conductivity  of  gases  produced  by  the  presence  of  these 
movable  electric  charges  is  in  some  respects  more  analogous  to 
that  of  metals  than  to  that  of  liquids.  In  liquids  an  electric 
current  is  accompanied  by  streams  of  matter,  while  in  the 
electronized  gas,  so  far  as  it  has  been  obser\'ed,  there  may  be 
no  stream  of  matter  attached  to  the  electric  charges  which 
carry  the  current.  It  has  consequently  been  suggested,  and 
with  good  reason,  that  in  solids  and  melted  metals,  wliich  con- 
duct metallically,  the  electrons  are  freely  movable,  and  that 
this  is  the  cause  of  their  conductivity.  There  is  some  reason 
to  believe  that  in  this  case  also  it  is  the  negative  electron 
which  is  most  freely  movable.  Some  most  interesting  calcula- 
tions have  been  made  upon  this  hypothesis,  in  which  it  has 
been  supposed  that  there  was  something  like  a  gaseous  pressure 
of  these  mobile  electrons  in  the  metal.  Thermo-electric  eflects 
have  been  attributed  to  the  dependence  of  this  pressure  upon 
temperature,  and  the  convection  of  heat  accompanying  electric 
currents  has  been  attributed  to  the  convection  of  energy  of 
irregular  motion  by  these  electrons.  The  Hall  effect  has  also 
been  shown  to  be  a  "possible  consequence  of  a  different  mobility 
of  the  positive  and  negative  electrons. 
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Upon  these  principles  it  is  natural  to  attribute  the 
magnetic  properties  of  iron  and  other  substances  to  electrons 
describing  orbits  round  the  atoms.  These  revoh^g  electrons, 
in  this  case,  represent  the  amperean  atomic  currents  to  which 
magnetization  has  long  been  attributed.  A  remarkable  con- 
firmation of  this  has  been  derived  from  the  Zeeman  effect, 
which  can  be  explained  by  the  supposition  that  negative, 
electrons  are  describing  orbits  round  the  atoms.  Further,  the 
mass  that  moves  with  these  electrons  has  been  shown  to  be  of 
the  same  order  of  magnitude  as  the  500th  part  of  the  mass  of 
an  atom  of  hydrogen,  which,  from  experiments  on  gaseous 
electronization,  seems  to  accompany  the  free  electrons  in  a 
gas  when  it  conducts. 

There  seems  to  be  some  reason  to  think  that  in  a  highly 
magnetizable  material,  such  as  iron,  either  there  are  more  than 
the  four  electrons  corresponding  to  its  atomicity  in  rotation,  or 
else  that  these  are  rotating  very  much  more  rapidly  than  cor- 
responds to  the  vibrations  of  ordinary  light.  Some  objection 
may  be  taken  to  the  latter  hypothesis  from  the  difficulty  of 
explaining  why  enormously  rapid  ether  waves  are  not  thereby 
generated  in  the  surrounding  medium,  and  the  energy  of  the 
motion  thereby  lost  by  radiation.  There  are  suggested  expla- 
nations of  this  diflSculty,  but  the  other  hypothesis,  that  matter 
has  in  it  many  more  electrons  than  correspond  to  its  atomicity, 
and  that  these  latter  are  merely  peculiar  in  being  removable, 
agrees  with  a  very  interesting  suggestion  that  all  matter  is 
built  up  of  electrons.  That  an  atom  of  hydrogen,  for  example, 
consists  of  some  500  electrons,  one  of  oxygen  of  some  8000,  and 
so  forth.  This  is  a  natural  deduction  from  these  speculations, 
and  receives  some  confirmation  from  its  being  consistent  with 
the  change  in  dimensions  of  a  body  as  it  moves  in  different 
directions  through  the  ether  which  has  been  assumed  in  order 
to  explain  the  experiment  on  the  motion  of  the  Earth  through 
the  ether,  which  Michelson  and  Morley  conducted.  A  supposi- 
tion such  as  this  naturally  suggests  that  atoms  could  be  built 
up  of  electrons  as  well  as  the  electrons  separated  from  matter ; 
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and  if  that  be  so,  there  seems  no  impossibility  in  the  dreams  of 
the  alchemist,  and  an  element  of  one  kind  maj  some  day  be 
transmuted  into  that  of  another.  What  is  as  yet  known  is» 
however,  a  very  slender  foundation  for  these  speculations,  and 
it  is  quite  likely  that  matter  and  electricity  are  distinct  in 
kind,  and  cannot  be  transmuted  into  one  another  in  the  way 
suggested. 

Enough  has  been  said  in  this  very  sketchy  description  of 
ionic  theory  to  show  how  far-reaching  it  is;  how  it  touches 
upon  the  confines  of  our  knowledge  and  upon  the  borderland 
between  physics  and  chemistry.  Advances  in  our  knowledge 
of  ionic  theory  are  likely  to  dispel  many  of  the  clouds  sur- 
rounding the  connexion  of  matter  and  ether,  and  may  lay 
the  foundations  for  an  intelligible  structure  of  the  physical 
universe. 
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MAGNETIC  EFFECT  OF  ELECTEIC  CONVECTION:    NOTE 

ON  M.  CREMIETT'S  EXPERIMENT 

[From  the  Report  of  the  British  Attociation  for  the  Advancement  qf  Science, 

September  6tli,  1900.] 

M.  Cbemieu  has  shown  that,  if  his  experimental  methods  can 
bear  criticism  as  well  as  they  seem  to  do,  there  is  no  induced 
electromotive  force  on  a  coil  of  wire  surrounding  a  rotating  disc 
when  the  strength  of  an  electric  charge  on  the  disc  is  changing. 
He  has  deduced  from  this  the  conclusion  that  there  is  no 
magnetic  induction  through  the  disc  due  to  the  moving  charge, 
such  as  Rowland's  experiments  showed^  This  note  is  to  point 
out  that  too  little  is  known  of  the  theory  of  the  ethereal  efTeots 
of  a  charge  of  electricity  forced  to  move  by  mechanical  actions, 
for  us  to  be  quite  sure  that  both  M.  Cr^mieu's  and  Rowland's 
observations  may  not  be  true— 1.6.  that  it  is  possible  that  a 
charge  of  electricity,  while  it  is  being  accelerated  by  moving 
matter,  may  produce  such  an  action  on  the  surrounding  ether 
as  to  neutralise  the  electric  force  that  would  otherwise  be 
produced  by  the  changing  magnetic  induction  due  to  the 
moving  charge. 

[From  Nature,  October  4, 1900.] 

Prop.  G.  F.  Fitz  Gerald,  in  a  note  on  Cr^mieu's  experiment, 
described  the  arrangement  adopted  by  M.  Crdmieu  and  the 
negative  result  he  had  obtained,  and  contrasted  them  with  the 
arrangement  and  result  obtained  by  Rowland  in  his  expeiiments 
on  electric  convection  made  in  1876.    He  considered  that  the 
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discrepancy  of  the  results  of  experiments,  which  appear  to  have 
been  carried  out  with  great  care,  did  not  necessarily  disprove 
our  theory  of  electromagnetism,  but  rather  signified  that  there 
was  some  action  of  a  moving  ion  not  hitherto  included  in  our 
equations  which  was  well  worth  investigating.  Dr.  J.  Larmor 
pointed  out  that  any  want  of  symmetry  of  the  revolving  disc 
and  fixed  case  in  Cr^mieu's  apparatus  would  tend  to  cause  some 
part  of  the  charge  on  the  disc  to  remain  stationary.  Prof.  A. 
Oray  annoimced  that  he  had  already  commenced  work  with  a 
view  to  repeating  both  Rowland's  and  Cremieu's  experiments 
with  the  same  apparatus. 
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THE  NATUKE  OF  IONS 

[From  Ifnture^  October  4,  1900 :  report  of  t  dificutsion  at  the 

British  Asiociation.] 

Prop.  G.  F.  Fitz  Gerald  opened  a  joint  discussion  with  the 
chemical  section,  on  ions.  While  acknowledging  that  the  dis- 
sociation theory  of  electrolysis  had  proved  a  useful  hypothesis^ 
he  wished  to  draw  attention  to  the  fact  that  there  were 
phenomena  which  it  was  incapable  of  explaining,  and  that 
dissociation  itself  had  not  been  dynamically  explained.  Why 
should  water  dissociate  a  dissolved  salt  into  its  ions  ?  where 
does  the  necessary  energy  come  from  ?  how  can  the  dissociated 
ions  wander  about  in  the  solvent  without  recombining?  and 
why  do  some  ions  travel  faster  than  others  ?  seemed  to  him 
questions  which  the  supporters  of  the  theory  had  never  satis* 
factorily  answered.  The  I'ecent  work  on  conduction  in  gases 
seemed  to  render  it  necessary  to  restrict  the  term  "  ionization  ** 
in  future  to  the  process  of  producing  atoms  differently  electrified^ 
and  to  introduce  a  new  tenn  "  electronization  "  for  the  produc- 
tion of  conductivity  by  the  motion  of  particles  of  apparent 
mass  about  1/500  of  that  of  a  hydrogen  atom.  In  gases 
conductivity  was  probably  due  to  both  causes,  and  in  liquids 
to  the  former  only.  In  the  case  of  metals,  he  should  like  to 
ask,  how  thick  was  the  layer  of  electricity  on  the  surface? 
did  the  thickness  of  a  thin  metal  plate  alter  its  capacity  ?  and 
would  the  electrons  fly  to  the  surface  of  a  metal  when  it 
revolved  ?  He  thought  the  questions  still  open  to  discussion 
might  be  summarized  as  follow : — 

(1)  The  cause  and  nature  of  ionization 

(2)  The  source  of  the  energy  in  dissociation  in  a  liquid 
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(3)  The  cause  of  the  failure  of  the  law  of  dissociation  as  the 

concentration  increased 

(4)  The  reason  for  the  different  rates  of  migration  of  the 

ions 

(5)  The  nature  of  the  double  layers,  or  why  different  metals 

should  attract  electricity  differently 

(6)  Are  the  processes  of  ionization  the  same  in  liquids  and 

gases  ?  and,  if  so,  why  ? 

(7)  Do  electrons  gravitate,  i.e.  have  they  a  material  nucleus 

or  not  ? 

(8)  Is  magnetism  due  to  rotation  of  the  electrons  ? 

Dr.  Larmor,  before  calling  on  the  chemists  present  for  their 
remarks,  pointed  out  that  the  large  dielectric  constant  of  water 
meant  a  large  electric  moment  for  the  water  molecule,  and 
therefore  a  considerable  separation  of  the  positive  and  negative 
•charges  in  the  molecule.  A  molecule  of  dissolved  salt  might 
therefore  readily  come  under  the  influence  of  one  of  these 
•charges  alone. 
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SUN-SPOTS,  MAGNETIC  STORMS,  COMETS'  TAILS,  ATMO- 
SPHERIC  ELECTRICITY,  AOT)  AURORiE 

[From  the  £U€trieian^  December  14, 1900.] 

In  reference  to  Principal  Lodge's  interesting  letter,  I  would 
remark  that  at  the  time  I  suggested  that  the  magnetic  dis- 
turbances on  the  Earth  might  be  due  to  electrified  particles 
emitted  by  the  Sun,  the  distinction  between  ions  and  free 
electrons  had  hardly  claimed  any  attention.*  What  I  suggested, 
as  well  as  I  recollect,  was  that  the  magnetic  storms  were  due  to 
something  of  the  same  kind  as  cathode  rays,  and  I  recollect  that 
I  made  a  calculation  as  to  the  density  of  the  electrification — 
i.e.  of  the  projected  particles  required  in  order  to  produce 
magnetic  forces  of  the  amount  observed  in  magnetic  storms, 
and  that  I  was  convinced  that,  with  velocities  such  as  had  at 
the  time  been  observed  or  calculated  as  existing  in  cathode 
rays,  quite  a  feasible  density  of  emanation  from  the  Sun  would 
suffice. 

In  connexion  with  this  it  may  be  worth  while  recalling 
attention  to  the  way  in  which  there  seems  to  be  some  evidence 
from  auix)r?e  and  magnetic  storms  that  the  Earth  has  a  minute 
tail  like  that  of  a  comet  directed  away  from  the  Sun,  the  time 
of  day  of  maximum  magnetic  disturbance  being  about  11  p.m., 

[*  This  was  about  the  year  1893  (p.  298  tupra),  after  Lord  EehHo  had  recalled 
attention  is  his  Presidential  Address  to  the  Royal  Society  (Roy.  Soe.  Froe.f  1892) 
to  the  fact  that  terrestrial  magnetic  storms,  of  sensible  amount,  could  not  be  due 
to  direct  magnetic  action  of  the  Sun.  The  theory  formulated  above  has  recently 
been  re-stated  and  widely  developed  by  Arrhenius.] 

2  M2 


532  Sun-Spots^  Magnetic  Storms^  etc.  {^9^ 

and  this  also  being  about  the  time  of  maximum  auroral  activi^ 
in  each  longitude.  There  are  many  things  which  seem  to  show 
that  comets*  tails,  aurorae,  the  solar  corona,  and  cathode  rays 
are  closely  allied  phenomena.  Those  who  are  interested  in  the 
solar  effect  on  terrestrial  magnetism  should  consult  the  elaborate 
study  of  these  effects  that  has  been  made  by  Prof.  Bigelow  of 
Washington. 

In  connexion  with  the  theory  of  comets'  tails  I  would  call 
attention  to  the  difSculty  of  ascribing  their  repulsion  by  the 
Sun  to  the  Maxwell  pressure  of  radiations,*  in  that  there  is  no 
evidence  that  the  molecules  of  any  gas  absorb  more  than  a  very 
minute  proportion  of  the  radiations  that  fall  upon  them.  For 
example,  the  area  of  the  molecules  in  1  cubic  cm.  of  hydrogen 
is  about  10,000  sq.  cm.,  so  that  there  are  no  gaps  in  a  layer 
of  hydrogen  one  ten-thousandth  of  a  centimetre  thick.  Now 
we  know  that  this  thickness  of  any  gas  would  absorb  only 
a  very  small  proportion  of  the  Sun's  radiation  falling  on  it^ 
and  consequently  we  may  safely  conclude  that  the  effect  of 
solar  radiation  in  reducing  the  gravitation  to  the  Sun  is  quite 
insensible.  The  effect  at  all  distances  from  the  Sun  is  the  same 
proportion  of  solar  gravitation,  so  that  if  any  effect  of  the  kind 
were  observable  close  to  the  Sun  it  would  be  equally  observable 
as  a  correction  on  gravitation  at  all  distances. 

Dr.  Lodge  has  called  attention  to  M.  Cr^mieu's  experiments,! 
and  fears  that  they  may  upset  all  the  foundations  of  modem 
electrodynamic  theory.  I  would  suggest  a  possible  way  of 
reconciling  these  experiments  with  a  great  deal  of  our  existing 
observations  and  theories.  Suppose  that  when  an  atom  moves 
through  the  ether  with  an  attached  electron,  the  moving  atom 
is  so  affected  that  its  motion  disturbs  the  surrounding  ether  in 
such  a  way  as  to  produce  a  magnetic  force  equal  and  opposite 
to  that  of  the  electron.  This  will  entirely  explain  M.  Cremieu's 
experiments,  and  all  ordinary  conduction  due  to  the  motion  of 
electrons  through  matter  and  cathode  rays  due  to  free  electrons. 
We  require,  however,  a  subsidiary  hj^pothesis  to  explain  the 

[*  See  No.  21  tupra  and  footnote.]  [t  See  Xo.  101  mpru.^ 
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magnetic  effects  of  electrolytic  currents.  This  would  take  the 
form  of  a  suggested  difference  between  an  ion  and  an  atoniL  An 
ion  on  this  hypothesis  would  so  differ  from  an  atom  that  its 
motion  does  not  neutralize  the  magnetic  effect  of  the  electron. 
I  acknowledge  that  thei*e  are  most  serious  difficulties  in  the 
way  of  this  hypothesis.  It  would  certainly  require  us  to 
suppose  that  the  electric  charges  on  the  surface  of  a  conductor 
are  not  ions.  If  they  are  so  on  the  surface  of  a  charged  electrolyte^ 
then  Cr^mieu's  experiments  should  produce  magnetic  force  if 
he  had  used  a  moving  liquid  instead  of  a  moving  metallic  con- 
ductor— a  very  difficult  form  in  which  to  make  the  experiment 
May  be  an  electrified  squirt  of  liquid,  as  from  an  Armstrong's 
electrical  machine,  could  be  used  to  see  if  there  is  any  magnetic 
force  near  the  squirting  jet.  Another  serious  difficulty  is  in 
deciding  what  happens  at  the  terminals  of  an  electrical  machine^ 
such  as  a  Holtz  or  Wimshurst,  when  the  conduction  current 
with  magnetic  force  turns  into  a  convection  current  without. 
These  difficulties  are  so  great  that,  until  M.  Cr^mieu's  experi- 
ments have  been  repeated  by  others/  and  no  doubt  can  be 
thrown  on  their  methods  or  calculations,  I  would  certainly 
advise  at  least  a  suspension  of  judgment  before  we  seek  for  new 
foundations  for  our  electromagnetism. 

[*  Thej  haya  been  in  part  repeated  by  H.  Pender,  of  Baltimore,  in  the  winter 
of  1900,  with  Bowland*s  apparatus  and  under  bis  superrision,  witb  results  con- 
firming the  existing  theory,  Phil  Mag.^  July,  1901  :  also  by  otbert  trith  like 
result!.] 
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OBSEKVATION,  MEASUREMENT,  EXPEEIMENT :  SHOET 
ABSTRACT  OF  METHODS  OF  INDUCTION:  MEASXTRE- 
MENT  OF  TIME,  MASS,  LENGTH,  AREA,  VOLUME 

[Hitherto  unpublished :  appaienti  j  the  introductum  to  a  projected 
treetiae  ou  phyncal  measnxement.] 

AccxTBATX  measurement  is  of  great  importanoe  in  all  branches 
of  knowledge.  Almost  every  science  that  has  advanced  much 
has  done  so  owing  to  the  discovery  of  accurate  methods  of 
measurement  Our  knowledge  of  smells,  tastes,  hardness,  and 
several  other  qualities  of  bodies  are  rudimentary,  largely  on 
account  of  the  difficulty  of  finding  means  for  measuring  them 
at  all  accurately.  Our  knowledge  of  electrical  science  has 
advanced  pari  passu  with  the  means  of  mftTring  electrical 
measurements. 

The  learning  to  make  accurate  measurement  is  essential  for 
all  who  wish  to  be  able  to  apply  science  to  pi^actice.  Accurate 
measurement  of  the  temperature  of  human  bodies  has  resulted 
in  great  advances  in  the  study  of  fevers.  Accurate  measure- 
ment of  the  strength  of  materials  has  resulted  in  great  advances 
in  our  means  of  building  bridges,  ships,  engines,  etc.  Hence 
those  who  are  to  spend  their  lives  in  applying  science  to 
relieve  and  prevent  disease,  or  in  dii*ecting  the  forces  of  nature 
to  the  use  of  man,  should  be  specially  trained  not  only  in 
accurate  observation  but  also  in  accurate  measurement 

The  habit  of  making  accurate  observations  and  measures  is 
besides  all  this  of  very  great  value  as  an  education.  The  habit 
of  suspending  judgment  until  the  conclusion  has  been  folly 
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tested,  by  varying  the  circumstances  of  the  experiment  and  by 
repeated  accurate  measurement,  is  a  valuable  habit  to  acquire. 
The  having  to  desd  with  facts  and  laws  which  cannot  be  evaded 
or  cheated  or  changed,  in  accordance  with  predilections  or 
prejudices  or  authority,  is  a  valuable  training  in  habits  of 
truthfulness  and  accuracy.  The  cultivation  and  training  of  the 
practical  ability  to  do  things  and  to  learn  from  observation, 
experiment,  and  measurement,  is  a  part  of  education  which  the 
clergyman  and  the  lawyer  can  maybe  neglect,  because  they 
have  to  deal  with  emotions  and  words,  but  which  the  doctor 
and  the  engineer  can  only  neglect  at  their  own  peril  and  that 
of  those  who  employ  them.  These  habits  should  be  carefully 
cultivated  from  the  earliest  years  while  a  child's  character  is 
being  developed.  As  the  twig  is  bent  so  the  tree  inclines. 
The  fact  that,  in  Ireland,  these  matters  are  not  yet  considered 
of  any  serious  importance,  and  that  the  majority  of  medical 
and  engineering  students  have  had  little  or  no  training  in 
observation,  experiment,  and  measurement,  is  the  more  reason 
for  attributing  special  importance  to  that  part  of  their  pro- 
fessional education  which  is  concerned  with  Experimental 
Science. 

On  accoimt  of  the  extraordinarily  perfect  development  of 
the  sense  of  sight  the  observation  of  length  is  one  that  has  been 
carried  to  the  gi'catest  accuracy.  Indirectly  we  use  observations 
of  length  to  measure  time  and  weight.  We  commonly  measure 
time  by  the  distance  the  hand  on  a  watch  moves;  and  we 
measure  weight  by  the  position  of  a  balance.  We  can  and 
do  use  our  sense  of  hearing  to  estimate  intervals  of  time,  and 
we  often  use  our  sense  of  effort  to  compare  weights,  and  we 
use  our  sense  of  taste  to  estimate  how  much  sugar  has  been  put 
in  our  tea ;  but  none  of  these  estimates  can  generally  be  made 
with  the  same  degree  of  accuracy  as  estimates  of  length,  or 
position,  made  with  the  sense  of  sight.  Although  this  is 
generaUy  true,  nevertheless  some  of  the  most  accurate  methods 
of  measuring  small  inter\'als  of  time  depend  indirectly  on  our 
sense  of  hearing,  and  some  of  the  most  accurate  methods  of 
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measuring  length  depend  indirecUy  on  our  sense  of  touch.  In 
general,  however,  when  we  want  to  invent  some  accurate  method 
of  measurement  we  endeavour  to  reduce  it  to  an  observation  <rf 
the  position  of  something,  as  for  instance,  in  the  case  of  time, 
to  the  position  of  the  hand  on  a  watch,  and  of  weight  to  the 
position  of  a  balance. 

In  measuring  time,  besides  the  hand  on  the  watch,  we  require 
to  be  sure  that  the  hand  moves  unifomilj,  that  in  going  from  I 
to  II  it  always  takes  the  same  time  to  do  so;  and  when  we  talk 
of  a  duration  as  three  hours  we  generally  require  that  other 
people  shall  understand  the  same  duration  as  we  do  by  the 
words.  Hence  there  is  in  this,  as  in  all  other  measurements,  a 
necessity  for  some  common  standard  that  shall  be  understood 
and  reproducible  by  everybody.  Thus  three  hours  means  a 
duration  of  three  times  the  duration  of  one  hour,  three  yards 
three  times  the  length  of  one  yard,  three  pounds  three  times  the 
weight  of  one  pound.  In  each  of  these  cases  the  numerical 
multiple  is  the  same,  but  the  quantity  under  consideration  is 
di£rerent;  and  in  every  case  of  describing  the  amount  <rf 
anything  that  can  be  measured  numerically  there  are  these 
two  parts,  the  numerical  part  and  that  describing  the  kind  of 
standard  unit  that  is  being  used.  Hence,  in  a  physical  question, 
one  of  the  matters  to  be  decided  is  always  that  of  the  standard 
units  in  which  the  quantities  considered  are  to  be  measured. 
Without  standard  units  of  this  kind,  we  cannot  conveniently 
apply  the  laws  of  numbers  to  measure  or  compare  the  quantities 
considered,  and  are  thus  hampered  in  the  use  of  an  immensely 
powerful  instrument  of  research.  It  is  largely  because  no 
standard  unit  of  smell  that  can  be  used  as  a  numerical  measure 
has  been  invented,  that  the  science  of  smell  is  in  such  a  veiy 
backward  state.  It  has  been  lanielv  due  to  the  invention  of 
standard  units  of  heat  measurement  that  the  science  of  heat  has 
made  such  great  advances  during  the  present  century.  In  the 
measurement  of  time  the  standard  unit  employed  is  one  that  is 
employed  in  all  civilized  countries,  and  is  the  average  time  that 
the  Sun  takes  to  go  from  due  south  one  day  till  it  comes  due 
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south  on  the  next  day ;  and  this  length  of  time  is  caUed  a  mean 
Solar  day.  The  average  time  has  to  be  taken  because  the  actual 
time  between  the  due  southing  of  the  Sun  on  two  consecutive 
days  varies  from  day  to  day  throughout  the  year.  We  might 
of  course  use  the  length  of  some  particular  day,  but  the  length 
of  any  one  day  could  not  be  determined  nearly  so  axjcurately  as 
the  average  of  a  large  number  of  days.  Now  when  we  say  that 
the  time  the  Sun  takes  to  go  from  due  south  to  due  south  varies 
from  day  to  day  it  is  evident  that  we  must  really  be  referring 
the  matter  to  some  more  ultimate  standard  of  uniformity  of 
time  than  the  motion  of  the  Sun.  We  cannot  directly  compare 
one  day  with  the  next  to  find  out  which  is  longer ;  we  must 
be  really  assimiing  some  standard  uniformity  that  each  is 
compared  with.  We  might  compare  them  by  means  of  clocks 
which  we  might  reasonably  assimae  on  account  of  the  uniformity 
of  conditions  to  go  at  a  uniform  rate ;  and  if  we  did  so  we  would 
find  that  according  to  good  clocks  one  day  was  not  the  same 
length  £ts  another  day.  As  a  matter  of  fact,  however,  clocks 
are  not  the  standard  by  which  days  are  measured.  The  standard 
with  which  the  length  of  a  day  is  compared  is  the  time  any  fixed 
star  takes  to  go  from  due  south  till  it  is  due  south  on  the  next 
night.  This  is  the  time  that  the  Earth  takes  to  rotate  on  its 
axis,  and  there  is  every  reason  for  assuming  that  the  Earth 
rotates  on  its  axis  much  more  uniformly  than  any  clock  which 
we  can  construct.  There  has,  however,  been  observed  a  very 
small  change  in  the  rate  of  rotation  of  the  Earth.  The  day  is  a 
very  little  longer  now  than  it  was  some  thousands  of  years  ago. 
This  has  been  discovered  by  calculating  very  carefully  at  exactly 
what  time  of  day  certain  eclipses  that  have  been  recorded  should 
have  occurred ;  and  it  is  found  that  they  actually  occurred  several 
hours  earlier  than  the  calculated  time,  showing  that  the  Earth 
has  made  more  revolutions  since  then  than  we  calculated  it 
would  have  made,  and  we  attribute  this  to  the  rotation  having 
been  more  rapid  in  former  times  than  it  is  at  present  There 
is  good  ground  for  thinking  that  the  rate  of  rotation  of  the 
Earth  is  slowing  down.    The  Sun  and  liloon  make  tides  in  the 
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ocean,  and  these  tides  are  pulled  back  by  the  Sun  and  Moon 
while  the  Earth  rotates,  and  there  is  thereby  a  very  small 
frictional  resistance  produced,  that  tends  slowly  to  stop  the 
Earth's  rotation,  so  that  it  is  going  a  little  more  slowly  now  than 
it  was  thousands  of  years  ago.  But,  it  may  be  asked,  how  on  earth 
can  we  discover  a  change  in  our  standard  itself  ?  there  must  be 
a  still  more  ultimate  standard  to  which  we  refer  it.    If  the 
whole  universe,  for  instance,  were  to  shrink  to  half  its  size  and 
everything  were  to  shrink  simultaneously,  we  could  never  find 
it  out  by  comparing  lengths.    All  our  yard  measures  would  still 
agree,  and  all  our  foot  rules  would  still  be  a  third  of  the  length 
of  our  yards,  and  every  person  who  was  five  feet  eight  inches 
high  would  still  be  so  according  to  the  measures.    We  would 
require  some  more  ultimate  standard  of  length  to  compare  our 
yards  with,  if  we  desired  to  find  out  a  change  of  this  kind.    And 
there  is  a  more  ultimate  standard  of  time  postulated  in  the 
investigation  of  the  rate  of  rotation  of  the  Earth.   When  it  was 
stated  that  the  exact  time  of  an  eclipse  was  calctdated,  certain 
laws  as  to  the  motions  of  the  Sun  and  Moon  and  Earth  were 
postulated  in  those  calculations.    For  instance  the  law  of  motion, 
that  a  body  when  acted  on  by  no  force  moves  uniformly,  was 
postulated,  just  as  this  was  also  postulated  when  it  was  explained 
that  it  might  be  expected  from  the  retarding  effect  of  the  tides 
that  the  Earth  was  now  rotating  more  slowly  than  formerly. 
This  expectation  assumed  that,  apart  from  some  cause  of  retar- 
dation, the  Earth  might  be  assumed  to  rotate  uniformly.   Another 
postulate,  and  an  important  one,  assumed  in  the  calculation  is 
that  the  law  of  gravitation  accurately  represents  the  actions 
between  the  Sun  and  Earth  and  iloon  and  the  other  planets. 
Hence  our  real  ultimate  standard  of  time  is  an  assumed  accuracy 
of  these  laws,  and  there  is  a  great  deal  to  be  said  in  favour  of 
explicitly  basing  our  measure  of  time  upon  these  laws  of  motion 
and  of  gravitation.    Tliis  is  possible  and  has  been  more  than 
once  suggested.     However,  our  actual  standard  of  time  is  derived 
from  astronomical  observations  of  the  stars ;  and  astronomical 
observatories,  such  as  those  at  Dunsink  and  Greenwich,  are 
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engaged  in  continually  making  these  observations,  and  keeping 
their  standard  clocks  going  uniformly  by  the  standard  of  the 
stars.  Other  clocks,  as  for  instance  the  standard  clock  in  the 
hall  of  our  Engineering  School  in  Trinity  College,  Dublin,  are 
kept  going  uniformly  by  an  electric  system  of  regulation  in 
accordance  with  the  standard  clocks  at  the  Observatories,  and 
and  thus  aU  the  clocks  and  watches  in  a  country  are  regulated 
to  keep  time  in  accordance  with  the  standard,  the  time  of  rota- 
tion of  the  Earth  on  its  axis. 

The  average  time  then  that  the  Sun  takes  to  go  from 
south  to  south  is  called  a  mean  solar  day.  For  convenience  in 
measuring  smaller  intervals  of  time  this  is  subdiWded  into 
24  hours,  and  each  hour  into  60  minutes,  and  each  minute 
into  60  seconds.  This  is  a  very  ancient  subdivision  of  the 
day,  and  is  adopted  in  all  civilized  countries.  It  is  not  at 
all  a  convenient  system  of  subdivision  for  facilitating  numer- 
ical calculations.  A  subdivision  of  the  day  into  10  parts  and 
each  of  these  into  10  parts,  and  so  on,  would  have  been  very 
much  more  convenient  for  numerical  calculations ;  but  there 
is  no  prospect  that  such  a  decimal  division  of  time  will  be 
adopted,  so  that  we  must  be  content  to  put  up  with  the  use 
of  hours,  minutes,  and  seconds.  At  the  same  time,  people 
who  make  a  great  deal  of  use  of  arithmetical  calcidations 
in  respect  of  time  very  commonly  do  quote  time  either  in 
seconds  and  their  decimal  multiples  and  submultiples,  or  in 
days  or  years  and  their  decimal  multiples  and  submultiples. 
This  is  practically  the  same  thing  as  using  a  decimal  dimion  of 
time  instead  of  dividing  it  into  days,  hours,  minutes,  and  seconds. 

The  apparatus  most  commonly  used  in  actual  practice  for 
the  purpose  of  measuring  intervals  of  time  is  some  form  of 
clock  or  watch.  Clocks  are  commonly  made  with  pendulums. 
The  pendulum  is  a  bar  with  a  weight  at  one  end,  and  hung 
from  the  other  so  as  to  be  capable  of  vibrating  freely.  When 
the  pendulum  is  long,  it  vibrates  slowly ;  when  short,  it  vibrates 
quickly.  If,  however,  the  point  of  support  be  not  near  one  end, 
but  near  the  centre  of  gravity  of  the  pendulum,  it  may  vibrate 
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very  slowly  indeed.  This  is  the  principle  upon  which  metronomes 
are  constructed.  In  them,  by  means  of  a  movable  weight,  we  can 
alter  the  position  of  the  centre  of  gravity  of  the  pendulum,  and 
make  it  approach  very  close  to  the  centre  round  which  it  oscillates, 
and  thus  make  a  short  pendulum  in  a  small  space  vibrate  very 
alowly.  This  arrangement  is  not  commonly  used  in  clocks,  as  it 
is  not  easy  to  regulate  it  so  as  to  vibrate  accurately  at  the  rate 
required  in  order  that  the  hands  of  the  clock  may  move  at  the 
right  rate.  The  works  of  the  clock  consist  of  mechanism  by 
which  a  weight  or  spring  keeps  the  pendulum  in  vibration 
notwithstanding  frictional  resistances,  and  of  a  system  of  cog- 
wheels by  which  the  hands  conveniently  count  the  number  of 
swings  of  the  pendulum.  Thus,  in  a  common  form  of  large 
clock  where  the  pendulum  is  of  the  length  to  beat  seconds,  the 
minute  hand  goes  once  round  the  dial  when  the  pendulum  has 
made  3600  vibrations,  and  the  cog-wheels  connecting  the  pen- 
dulum with  the  hand  are  designed  so  as  to  ensure  this.  Thus 
the  hands  of  a  clock  are  merely  a  counting  arrangement  for 
conveniently  counting  the  number  of  beats  of  the  pendulum. 
A  clock  with  a  pendulum  which  vibrates  under  the  action  of 
gravity  cannot  be  carried  about  conveniently.  It  must  be  kept 
fixed  in  an  upright  position  in  order  to  go  properly.  Hence 
portable  clocks  and  watches  are  not  constructed  with  pendulums. 
In  them  a  wheel,  called  a  balance-wheel,  is  attached  to  a  spring 
in  such  a  way  that,  when  the  wheel  is  turned  a  little  in  one 
direction,  it  bends  the  spring  one  way,  and  the  spring  tends  to 
bring  the  wheel  back  to  its  original  position.  When  the  wheel 
is  turned  a  little  in  the  other  direction  the  spring  again  tends 
to  restore  it  to  its  original  position  of  equilibrium.  When  such 
a  wheel  is  pivoted  so  as  to  turn  very  freely,  if  it  is  slightly 
turned  round  it  vibrates,  turning  alternately  one  way  and  the 
other  under  the  action  of  the  spring.  Such  a  wheel  can  be 
placed  in  any  position,  and  acts  equally  well  in  all,  and  even 
pretty  rapid  changes  of  position  produce  but  little  efifect  on  it 
Hence  its  vibrations  'can  be  used  in  watches  and  clocks,  and 
such  timepieces  will  be  portable.     These  timepieces  must,  of 
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course,  be  driven  by  springs  because  weights  can  only  be  used 
in  fixed  clocks,  but  the  mechanism  by  which  the  balance-wheel 
is  kept  vibrating  notwithstanding  friction,  and  by  which  the 
hands  count  its  vibrations  is  veiy  much  the  same  in  all  clocks 
and  watches.    The  details  of  this  mechanism  are  briefly  described 
in  an  appendix,  and  students  who  feel  an  interest  in  it  can 
study  it  there ;  and  if  they  do  so,  and  at  the  same  time  get  an 
old  clock,  and  take  it  to  pieces,  and  make  out  for  themselves  how 
it  is  constructed  and  works,  they  will  learn  what  should  interest 
eveiybody,  for  everybody  is  dependent  on  clocks  and  watchea 
for  very  useful  information  as  to  the  lapse  of  time.    When  a 
pendulum  or  balance-wheel  is  disturbed,  there  is  a  force  tending 
to  restore  it  to  its  position  of  equilibrium,  and  the  farther  it  is 
displaced  the  greater  is  this  force.    In  balance-wheels  this  force 
is  due  to  the  spring  which  is  bent,  and  in  pendulums  it  is  due 
to  the  Earth.    The  force  exerted  by  a  spring  is  almost  exactly 
proportional  to  the  amount  it  is  bent,  and  the  restoring  force 
on  a  pendulum  is  nearly  proportional  to  the  amount  of  displace- 
ment when  this  is  small.    The  consequence  is  that  when  the 
mass  is  much  displaced,  it  is  pulled  by  a  large  force,  and  so 
moves  back  quickly.     If  on  one  occasion  it  is  displaced  double 
the  distance  that  it  is  on  another,  it  will  be  pulled  back  with 
double  the  force ;  and  when  the  subject  is  carefully  investigated, 
it  can  be  shown  that  it  will  move  just  so  much  faster  that  it 
describes  the  double  distance  in  the  same  time  as  the  single 
distance.      Hence  balance-wheels  vibrate   at   the  same   rate 
whether  they  vibrate  through  a  large  arc  or  through  a  small 
one,  and  the  same  is  approximately  true  of  a  pendulum  so  long 
as  its  arc  of  \4bration  is  small.    Different  balance-wheels  and 
pendulums  vibrate  at  different  rates.    WTiat  is  it  that  deter- 
mines the  rate  at  which  a  balance-wheel  will  vibrate  ?    It  all 
depends  on  how  fast  the  spring  can  cause  the  mass  that  con- 
stitutes the  wheel  to  move.    If  the  spring  is  ver)-  weak  and  the 
mass  large,  the  small  force  exerted  by  the  spring  will  not  be  able 
to  make  the  large  mass  move  quickly  in  a  short  space,  and  so 
the  balance  will  Wbrate  slowly.     If  the  wheel  is  of  large 
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diameter  so  that  the  greater  part  of  its  mass  is  a  long  way 
from  the  axle,  the  force  exerted  upon  it  by  a  weak  spring  when 
bent  a  given  amount  will  be  small  and  the  distance  it  must 
move  to  return  to  its  position  of  equilibrium  will  be  large,  so 
that  it  will  vibrate  slowly ;  while  if  the  spring  be  very  strong 
and  the  mass  small  and  close  to  the  axle  the  wheel  will  vibrate 
quickly.     In  the  case  of  the  pendulum  the  force  tending  to 
restore  it  to  equilibrium  will  depend  on  the  weight  of  the 
pendulum  and  on  the  distance  its  centre  of  gravity  is  from  the 
axis.    If  this  distance  be  great,  there  will  be  a  very  small 
restoring  force  for  a  given  displacement,  and  so  the  pendulum 
will  vibrate  slowly.     On  the  other  hand,  if  the  axis  be  very 
close  to  the  centre  of  gravity,  we  must  take  account  of  the  fact 
that  a  great  deal  of  the  mass  to  be  moved  may  be  a  long  way 
from  the  axis,  and  that  although  the  restoring  force  at  the 
centre  of  gravity  may  be  considerable,  yet  that   the  effort 
exerted  on  each  of  the  distant  parts  of  the  mass  tending  to 
move  it  round  the  axis  will  be  very  small;  and  thus  we  find 
that  a  penduliun  vibi-ates  slowly  both  when  it  is  very  long  and 
when  it  is  suspended  from  a  point  very  close  to  its  centre  of 
gravity,  and  that  there  is  a  certain  distance  between  the  axis 
and  the  centre  of  gravity  for  which  the  time  of  vibration  is  less 
than  for  any  greater  or  less  distance.     For  a  more  complete 
investigation  see  appendix ....      In  every  case  the  time  of 
vibration  can  be  calculated  from  the  formula 


•  2.11 


where  I  is  the  moment  of  inertia  of  the  mass  round  the  axis, 
and  m  is  the  moment  of  the  forces  for  unit  displacement.  In 
the  case  of  a  small  mass,  such  as  a  bullet  hung  by  a  fine  thread 
from  a  fixed  point,  this  reduces  to 


.2.11 
V<7 


where  /  is  the  distance  of  the  bullet  from  the  point,  and  g  is  the 
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acceleration  of  gravity.  Such  a  small  mass  hung  by  a  fine 
thread,  in  which  we  may  assume  with  .considerable  accuracy 
that  the  pendulum  moves  exactly  as  if  it  its  whole  mass  were 
concentrated  at  the  centre  of  the  bullet,  is  called  a  simple 
pendulum.  Any  pendulum  or  balance  wheel  will  vibrate  at 
the  same  time  as  an  equivalent  simple  pendulum  if 

-  «  -      or     /  -  -^y 
m     g  m 

which  length  is  consequently  often  called  the  length  of  the 
equivalent  simple  pendulum. 

It  thus  appears  that  clocks  and  watches  are  essentially 
machines  for  observing  how  fast  a  force  can  move  a  given  mass. 
A  pendulum  clock  consists  of  an  apparatus  for  recording  how 
often  in  a  given  time  the  force  of  gravity  makes  a  mass  move 
from  the  one  end  to  the  other  of  its  swing ;  and  a  watch  with  a 
balance-wheel  records  how  often  the  spring  is  able  to  make 
the  balance-wheel  vibrate  from  one  end  to  the  other  of  its  swing. 

By  making  the  mass  to  be  moved  small  and  the  strength  of 
the  spring  great,  we  can  cause  a  body  to  vibrate  very  quickly. 
Springs  of  stiff  steel  that  have  only  to  move  themselves  can  be 
made  to  vibrate  many  thousands  of  times  per  second ;  and  when 
studying  the  question  of  sound  and  vibrations,  we  will  come 
across  methods  of  recording  their  very  rapid  vibrations,  and  thus 
using  them  to  measure  veiy  short  intervals  of  time. 

In  determining  the  length  of  time  any  event  takes  to  occur, 
there  is  often  considerable  difficulty  in  observing  both  the  event 
and  the  hands  of  a  watch  at  the  same  time.  To  get  over  this 
difficulty,  stop-watches  and  other  means  of  recording  exactly  an 
intervfid  of  time  have  been  invented.  Such  an  apparatus  is  often 
called'  a  chronograph.  Stop-watches  are  often  made  so  that 
pressing  a  button  causes  the  watch  to  start,  and  pressing  it  a 
second  time  causes  the  watch  to  stop.  Thus  we  can  easily 
measure  the  duration  by  starting  the  watch  with  our  finger 
when  we  see  the  event  l)egin  and  stopping  it  when  the  evont 
ends.      Then  we  read  on  the  watch  how  many  minutes  and 
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seconds,  and  parts  of  a  second,  are  recorded  as  having  elapsed. 
With  a  little  practice  one  can  learn  to  do  this  to  within  about  a 
fifth  of  a  second  of  the  true  tima  There  is  a  certain  delay  in 
our  operations  between  when  we  see  an  event  and  when  we 
move  our  fingers,  and  this  interval  is  not  uniform  unless  we 
have  practised  performing  the  operation  frequently  under  various 
conditions ;  and  so  the  interval  estimated  may,  even  with  a  good 
deal  of  practice,  differ  from  the  real  interval  between  the  events 
by  as  much  as  a  fifth  of  a  second.  This  will  be  much  more 
important  in  short  intervals  of  time  than  in  long  ones.  Thus 
if  we  are  measuring  the  duration  of  an  event  that  lasts  three 
seconds,  an  error  of  a  fifth  of  a  second  would  be  an  error  of  one 
in  fifteen  or  about  6  per  cent.  If  we  were  measuring  an  interval 
of  three  minutes  this  same  error  of  a  fifth  of  a  second  would 
only  be  an  error  of  one  in  nine  hundred,  or  only  about  one-tenth 
per  cent.  In  measuring  long  intervals  of  time  with  a  stop-waich 
the  want  of  accuracy  in  the  going  of  the  watch  itself  becomes 
of  importance ;  while  very  short  intervals  of  time  cannot  be 
accurately  measured  with  a  stop-watch,  on  account  of  this  want 
of  accuracy  in  response  of  our  hands  to  our  eyes.  For  measuring 
short  intervals  of  time  some  mechanical  method  of  recording 
the  beginning  and  end  of  the  event  is  essential  Some  of  these 
methods  will  be  described  when  we  come  to  study  vibrations 
and  sound. 

One  kind  of  short  interval  of  time  can  be  measured  accur- 
ately by  means  of  a  stop-watch,  or  for  the  matter  of  that  by 
an  ordinary  watch  or  clock ;  such  is  the  time  of  swing  of  a 
pendulum,  or  the  time  of  vibration  of  anything  that  vibrates 
sufficiently  slowly  for  us  to  coimt  the  vibrations,  or  the  time  of 
rotation  of  anything  that  rotates  sufficiently  slowly  for  us  to 
be  able  to  count  its  rotations.  If  these  vibrations  and  rotations 
are  all  of  equal  duration  we  can,  very  accurately  indeed,  measure 
the  duration  of  each  vibration.  We  need  only  find  how  long  it 
takes  for  say  a  hundred  vibrations  or  rotations  to  be  performed, 
and  then  divide  this  interval  by  a  hundred,  and  we  thus  obtain, 
very  accurately,  the  duration  of  each  vibration  or  rotation.     In 
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making  this  determination  we  should  observe  a  nimiber  of  series 
each  of  a  hundred  vibrations  or  rotations,  and  take  the  mean,  and 
the  result  will  be  more  likely  to  be  the  true  duration  than  any 
one  of  the  observations.  This  process  of  making  a  number  of 
observations  with  the  conditions  varied  as  much  as  possible,  and 
then  taking  the  mean,  is  one  that  should  be  followed  by  every 
careful  observer.  An  isolated  observation  is  seldom  of  very 
much  value ;  it  should  be  confirmed  by  subsequent  observations. 
The  circumstances  should  be  varied  as  much  as  possible,  and 
the  observations  and  measurement  made  over  and  over  again  so 
as  to  check  one  another.  Until  this  has  been  done  one  should 
not  feel  much  confidence  in  observations  or  measurementa 
The  chances  of  error  are  too  great.  The  precautions  against 
mistakes  are  too  numerous  for  us  to  be  sure  that,  in  any  one 
case,  we  have  taken  them  all.  But,  if  we  have  varied  the  con- 
ditions, if  we  have  remade  our  observations  and  measurements, 
and  we  always  obtain  consistent  results,  then,  and  not  till  then, 
can  we  be  perfectly  confident  in  these  results.  This  carefulness 
in  observing  and  in  measuring  is  a  most  important  habit  to  learn. 
The  want  of  it  is  one  of  the  commonest  causes  of  human  error; 
and  the  habit  is  one  of  the  surest  safeguards  against  hasty 
conclusions  and  prejudiced  judgments,  the  fruitful  parents  of 
ill-considered  and  inconsiderate  actions. 


We  must  now  arrange  that  the  tube  [of  the  observing  tele- 
scope or  microscope*]  shall  move  parallel  to  itself  and  lie  as 
nearly  as  possible  at  right  angles  to  the  measure,  and  that  the 
measure  itself  l>e  parallel  to  the  object. 

If  five  points  on  a  body  be  constrained  to  move  in  five 
planes  all  parallel  to  the  same  lines,  the  body  will  be  constrained 
to  move  without  rotation  parallel  to  tliis  line.  This  is  the 
geometrical  piinciple  employed  in  all  such  cases.  Instrument 
makers  are  rather  fond  of  endeavouring  to  make  their  instru- 

\*  This  is  the  end  of  a  section  on  measurement  of  lengthy  which  is  not  hen 

printed.] 
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ments  so  that  a*great  many  more  points  shall  be  constrained ; 
but  as  this  requires  very  careful  fitting  and  can  never  be 
accurately  attained,  it  is  really  less  efficient  and  much  more 
likely  to  stick  than  if  the  above  principle  be  attended  to.  In 
some  cases  the  points  that  move  on  the  planes  must  be  carefully 
ground  into  small  plane  surfaces  so  as  to  distribute  pressure  and 
wear  over  a  sufficiently  large  area,  but  in  no  case  should  the  parts 
in  contact  be  larger  than  is  absolutely  requisite.  Instruments 
are  often  made  with  large  plane  surfaces  in  contact,  but  it  is 
very  difficult  to  prevent  them  from  becoming  either  shaky  or 
from  jambing,  and  often  both  faults  coexist.  If  we  wish  the 
body  to  be  able  to  rotate  round  the  line  parallel  to  which  it 
moves,  four  points  may  press  against  a  circular  cylinder  (a  shape 
which  can  be  very  accurately  produced),  and  then  the  body 
will  be  able  to  rotate  round  the  cylinder,  and  to  move  parallel 
:to  the  cylinder,  but  will  be  able  to  move  in  no  other  way. 

The  way  in  which  the  condition  for  movement  parallel  to  a 
fixed  line  is  practically  attained  is  to  make  a  V  groove  with 
plane  surfaces  parallel  to  the  direction  in  which  the  body  is  to 
move,  the  groove  being  cut  in  a  plane  surface  also  parallel  to 
this  direction.  Any  rounded  peg  going  into  the  V  will  touch 
each  of  its  surfaces  in  one  point,  and  another  peg  would  touch 
the  surface  in  which  it  is  cut,  thus  giving  three  out  of  the  five 
points  required  to  move  on  the  five  planes.  The  two  other 
points  moving  on  the  other  two  planes  may  be  a  peg  moving  in 
a  parallel  V,  or  more  conveniently  another  peg  beyond  the  first 
one,  and  moving  in  the  same  V-*  The  three  plane  surfaces 
may,  of  course,  be  arranged  otherwise,  but  this  is  one  of  the 
simplest  cases.  In  order  to  keep  the  points  from  lifting  oflf  the 
planes  it  is  often  necessary  to  have  a  spring  pressing  against 
the  back  of  the  guide.  Similarly  in  the  case  of  the  four  points 
moving  on  a  cylinder,  it  may  be  necessary  to  place  a  spring  in 
such  a  position  as  to  ensure  that  the  points  are  not  lifted  bodily 
off  the  cylinder.     It  is  by  such  trammels  that  microscopes  are 

*  A  little  consideration  will  show  that  the  body  with  the  pegs  on  it  can  in  this 
caae  onlj  move  parallel  to  the  V  groove. 
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constrained  to  move,  without  rotation,  parallel  to  themselves 
and  in  a  line  parallel  to  the  measure.  We  may  sometimes 
wish  to  be  able  to  read  the  position  of  the  microscope  to  small 
fractions  of  the  divisions  on  the  measure,  and  then  we  may 
attach  to  it  a  vernier,  or  mount  it  on  a  micrometer  screw,  or 
use  some  of  the  other  methods  for  reading  subdivisions  of  a 
scale. 

The  setting  of  the  tube  of  the  microscope  at  right  angles  to 
the  measure  is  often  left  to  the  instrument  maker,  but  in  some 
instnmients,  as  for  example  in  cathetometers  used  for  measuring 
vertical  heights  accurately,  where  it  is  very  important  to  have 
the  line  of  collimation  horizontal,  special  arrangements  are  in- 
troduced for  setting  it.  It  is  always  of  great  importance  to 
have  the  line  of  collimation  perpendicular  to  the  measure  when 
the  marks  to  be  observed  are  at  different  distances  from  the 
measure,  and  this  often  occurs  in  measuring  differences  of 
level  In  this  instrument  two  adjustments  are  essential,  the 
measure  must  be  vertical  and  the  observing  telescope  must  be 
horizontal 
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STBLS  OF  YACnUM  TTTBES  APPLIED  TO  AUKOKS 

[1893.    Hitherto  unpabliahed.] 

Law  of  densities  is  that  width  is  q.  p,  inversely  proportional  to 
density.  Law  of  diameter  is  that  it  is  proportional  to  diameter ; 
therefore  to  double  the  density  is  same  as  to  halve  diameter  of 
tube  (Pember,  Wied.  Ann,  1882,  p.  279).  In  a  tube  2  cm.  wide 
striffi  are  a  cm.  apart ;  therefore,  in  one  10'  cm.  wide,  striae  are 
10*  CDDL  wide. 

Hence,  if  the  atmospheric  striae  of  the  aurora  borealis  sub- 
tend an  angle  of  20°  from  a  height  of  20  to  30  Inn.,  they  might 
be  moving  [as  if]  in  a  tube  8  or  10  kms.  wide,  not  at  all  an 
extravagant  hypothesis.  They  move  20^  per  sec,  i.e,  10  km. 
per  sec.,  or  10*  cm.  per  second.  Now  velocity  of  soimd  «  3  x  10* 
cm.  per  sec. ;  and  at  that  temperature  it  would  be 

7?  =  3  X  10*    /A  ! 
V273 

say  To  =  100,        v  =  17  x  10* 

not  so  very  different ;  but  it  shows  that  their  velocity  unless  they 
are  very  much  nearer  than  one  would  expect,  was  many  times 
as  great  as  the  velocity  of  sound,  maybe  100  times  as  great. 

Of  course  the  velocity  of  propagation  of  such  a  phenomenon 
may  not  be  a  measure  of  a  transference  of  anything  from  par- 
ticle to  particle.  A  stria  is  a  place  wherp  the  conduction  of 
cuiTent  is  accompanied  by  a  disorderly  vibration,  the  dark  space 
between  strict  must  conduct  electricity  just  as  well  as  the  place 
where  there  are  bright  striae.     Mr.  Spottiswoode's  observations 
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with  a  revolving  mirror  (2Z.  8.  Proc.^  voL  xxv.,  by  some  extra- 
ordinary oversight  he  omits  to  give  any  even  approximate 
measure  of  the  velocities  he  has  described)  show  that  the  state 
of  affairs  in  the  interval  between  stria)  is  particularly  favourable 
for  the  production  of  striae  by  a  current  in  the  opposite  direction, 
showing  that  there  must  be  some  polarized  state  analogous  to 
Grotthus  chains  in  these  regions  whose  breaking  up  produces 
vibrations.  Hence  the  velocity  of  motion  of  striae,  which  is  so 
much  greater  in  large  than  in  small  tubes,  is  really  only  a 
measure  of  the  rate  at  which  these  irregularities  of  motion  are 
propagated ;  and  as  the  tendency  to  arrangement  is  due  to  a  force 
which  is  propagated  with  the  velocity  of  light,  there  is  no 
necessity  that  the  irregularity  should  be  propagated  from 
particle  to  particle  by  coUisions,  for  an  action  of  that  kind 
could  not  be  propagated  very  much  more  rapidly  than  sound. 

From  Spottiswoode's  obser\'ations,  it  would  appear  that  the 
light-production  in  each  stria  begins  at  its  negative  side,  and 
proceeds  with  a  velocity  comparable  with  the  velocity  of  the 
striie,  in  his  tubes  somewhat  more  rapidly,  along  the  tube  in. 
an  opposite  direction  to  the  current.  These  velocities  are  of 
course  incomparably  slower  than  that  at  which  the  electric 
actions  are  propagated.  Many  striie  show  that,  with  the  inter- 
mittance  he  was  using,  due  to  sparks  and  capacities  connected 
with  the  tubes,  the  light  production  in  the  negative  face  of  a 
stria  began  for  the  next  nish  of  curi-ent,  long  before  the  positive 
face  had  ceased  to  cause  light  due  to  the  former  rush  of  current. 
These  actions  in  an  aurora  seem  to  be  somewhat  more  rapid  than 
the  velocity  that  Prof.  J.  J.  Thomson  ("  Elec.  &  Mag.,"  p.  *  ) 
has  calculated  for  the  cathode  sti-eams.  These  he  has  placed 
at  five  or  six  times  the  velocity  of  sound. 

There  seems  to  have  been  a  double  system  of  streamers  in  the 
recent  aurora ;  one  set  diverging  from  the  edge  of  the  northern 
arch  and  another  set  nearly  pcq^endicular  to  the  surface  of 

[*  The  reference  has  not  been  found.  His  experimental  determination  of  a 
much  higher  Telocity,  and  Tery  minute  massej)  of  the  particles,  came  subse- 
quently in  1897.] 
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the  Earth.  This  would  be  accounted  for  by  a  veiy  bright 
set  of  streamers  concentrated  along  the  edge  of  the  northern 
arch,  and  a  second  fainter  set  perpendicular  to  the  surface  of 
the  Earth.  These  latter  streamers  seem  very  much  like  cathode 
rays,  streaming  off  perpendicular  to  the  surface  of  the  conductor ; 
and  Lenard's  observation  of  cathode  rays  in  air  at  ordinary 
pressures  would  seem  at  first  sight  to  justify  Lemstrom's  dis- 
puted observation  of  auroral  streamers  quite  close  to  the  Earth, 
if  it  were  not  that  in  air  at  these  high  pressures  there  is  no 
evidence  of  '*  streaming/'  the  action  being  like  that  of  a  projectile 
amongst  innumerable  others  that  obstruct  its  path.  It  is 
interesting  to  know  that  Spottiswoode  and  Moulton  ('*PhiL 
Trans."  1879,  p.  584)  showed  that  cathode  rays  could  be  pro- 
duced by  violent  sparks  in  gases  at  high  pressures,  and  stated 
their  opinion  that  there  was  nothing  to  prevent  their  being 
generated  in  gases  at  atmospheric  pressure.  They  also  showed 
that  these  rays  behaved  like  a  projectile  moving  amongst  a  lot 
of  others,  and  that  the  rarer  the  air  was  the  less  the  ray  was 
impeded.  The  illumination  seen  is  evidently  dependent  on  this 
impeding  of  the  ray,  and  the  dying  of  it  off  in  very  perfect 
vacua  does  not  by  any  means  prove  that  matter  is  not  the 
basis  of  the  ray;  it  only  shows  that  the  ray  is  not  impeded, 
just  as  thb  dark  spaces  between  striae  are  not  failures  in  the 
electric  circuit  but  are  most  probably  places  where  the  conduc- 
tion by  the  matter  is  most  perfect. 

It  is  very  hard  to  see  what  can  cause  such  a  slow  sequence 
of  the  discharges  as  is  observed  in  aurorse.  A  periodicity  of  a 
10th  to  a  20th  of  a  second  or  less  could  be  easily  accounted  for, 
but  one  of  once  or  twice  a  second  is  not  so  easy  to  understand. 
It  seems  as  if  it  must  have  a  material  basis,  be  connected  with 
the  velocity  of  sound,  and  not  of  electricity. 
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ON  THE  RELATIONS  OF  RADIATION  TO  TEMPERATURE 

Bt  D&.  J.  LAJiifOB,  F.R.S. 

[From  the  Mipori  of  the  BriiUh  Atsociatitm,  Bradford,  September,  1900. 
Beprinted  in  connexion  with  No.  23,  and  on  account  of  footnote.] 

The  key  to  this  subject  is  the  principle,  arrived  at  independently 
by  Balfour  Stewart  and  Kirchhofif  about  the  year  1857,  that  the 
constitution  and  intensity  of  the  steady  radiation  in  an  enclosure 
is  determined  by  the  temperature  of  the  surrounding  bodies, 
and  involves  no  other  element.  It  was  pointed  out  by  Stewart* 
that  if  the  enclosure  contains  a  radiating  and  absorbing  body 
which  is  put  in  motion,  the  temperature  being  uniform  through- 
out, then  the  constitutions  of  the  radiation  in  front  of  it  and 
behind  it  will  differ  on  account  of  the  Doppler  effect,  so  that 
there  will  be  a  chance  of  gaining  mechanical  work  in  the  restor- 
ation of  a  uniform  state.  There  must  thus  be  some  kind  of 
thermodynamic  compensation,  which  might  arise  from  sethereal 
friction,  or  from  work  required  to  produce  the  motion  of  the 
body  against  pressure  excited  by  the  surrounding  radiation. 
The  hypothesis  of  friction  is  now  out  of  court  in  ultimate 
molecular  physics ;  while  the  thermodynamic  bearing  of  a 
pressure  produced  by  radiation  has  been  developed  by  Bartoli 
and  Boltzmann  (1884),  and  that  of  the  Doppler  effect  by 
Wien  (1893). 

Application  of  the  Doppler  Principle. — Tlie  procedure  of 
Wien  amounts  to  isolating  a  region  of  radiation  within  a 
perfectly  reflecting    enclosure,    and    estimating   the    aven^ 

«  Brit.  Attoe.  Report,  1871 ;  cf.  alao  Encye.  Brii.,  ait.  'Badiation*  (1886)» 
by  Tait 


552         .  Relations  of  Radiation  to  Temperature      [1900 

shortening  of  the  constituent  wave-lengths  produced  by  a 
very  slow  shrinkage  of  its  volume.  The  argument  is,  however, 
much  simplified  if  the  enclosure  is  taken  to  be  spherical  and 
to  remain  so ;  for  it  may  then  be  easily  shown  that  each  in- 
dividual undulation  is  shortened  in  the  same  ratio  as  is  the 
radius  of  the  enclosure,  so  that  the  undulatory  content  re- 
mains similar  to  itself,  with  uniformly  shortened  wave-lengths, 
whether  it  is  uniformly  distributed  as  regards  direction  or  not, 
and  whatever  its  constitution  may  be.  But  if  there  is  a  very 
small  piece  of  a  material  radiator  in  the  enclosure,  the  radiation 
initially  inside  \vill  have  been  reduced  by  its  radiating  and 
absorbing  action  to  that  corresponding  to  its  temperature.  In 
that  case  the  shrinkage  must  retain  it  always,  at  each  stage  of 
its  transformation,  in  the  constitution  corresponding  to  some 
temperature.  Otherwise  differences  of  temperature  would  be 
efiTectively  established  between  the  various  constituents  of  the 
radiation  in  the  enclosure ;  these  could  be  permanent  in  the 
absence  of  material  bodies ;  but  if  the  latter  are  present  this 
would  involve  degradation  of  their  energy,  for  which  there  is  here 
no  room,  because,  on  the  principles  of  Stewart  and  Kirchhoff, 
the  state  corresponding  to  given  energy  and  volume  and  tem- 
perature is  determinate.  Thus  we  infer  that  if  the  wave-lengths 
of  the  steady  radiation  corresponding  to  any  one  temperature 
are  all  altered  in  the  same  ratio,  we  obtain  a  distribution  which 
corresponds  to  some  other  temperature  in  every  respect,  absolute 
intensities  [not]  excepted. 

Direct  Transformation  of  Mechanical  Energy  into  JRadicUion.* 
— There  is  one  point,  however,  that  rewards  examination.  When 

*  The  present  form  of  this  argument  arose  out  of  some  remarks  contrihutad  hy 
Professor  Fitz  Gerald,  and  by  Mr.  Alfred  Walker  of  Bradford,  to  the  discussion  on 
this  Paper.  Mr.  Walker  points  out  that  by  reflecting  the  radiation  from  a  hot 
body,  situated  at  the  centre  of  a  wheel,  by  a  ring  of  oblique  Tanes  around  its 
circumference,  and  then  reversing  its  path  by  direct  reflexion  from  a  ring  of  fixed 
vanes  outside  the  wheel,  so  as  to  return  it  into  the  source,  its  pressure  may  be 
(theoretically)  utilized  to  drive  the  wheel,  and  in  time  to  get  up  a  high  speed  if 
there  is  no  load :  the  thermodynamic  compensation  in  this  very  interesting  arrange* 
ment  lies  in  the  lowering  of  the  temperature  of  the  part  of  the  incident  radiation 
that  is  not  thus  utilized. 
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undulations  of  any  kind  are  reflected  from  an  advancing  waU, 
there  is  slightly  more  energy  in  the  reflect^  beam  than  there 
was  in  the  incident  beam,  although  its  length  is  shorter  on 
account  of  the  Doppler  effect  Tliis  requires  that  the  undu- 
lations must  oppose  a  resistance  to  the  advancing  wall,  and 
that  the  mechanical  work  required  to  push  on  the  wall  is 
directly  transformed  into  undulatory  energy.  In  fact,  let  us 
consider  the  mechanism  of  the  reflexion.  Suppose  the  dis- 
placement in  a  directly  incident  wave-train,  with  velocity  of 
propagation  c,  to  be  $  »  a  cos  {ynx  +  mrQ ;  that  in  the  reflected 
train  will  be  $'  -  a'  cos  (wi'a;  -  iv!ci\  where  a\  wl  are  determined 
by  the  condition  that  the  total  displacement  is  annulled  at  the 
advancing  reflector,  because  no  disturbance  penetrates  beyond 
it ;  therefore  when  x  »  r<,  where  v  is  its  velocity,  $  +  f'  -  0. 

Thus  we  must  have  a!  ^  -  a,  and  m'  =  m ,  in  agreement 

c  —  1? 

with  the  usual  statement  of  the  Doppler  effect  when  v  is  small 
compared  with  c.  Observe,  in  fact,  that  the  direct  and  reflected 
wave-trains  have  a  system  of  nodes  which  travel  with  velocity  r, 
and  that  the  moving  reflector  coincides  with  one  of  them.  Now 
the  velocities  d^fdt  and  iCi!\dt  in  these  two  trains  are  not  equal. 
Their  mean  squares,  on  which  the  kinetic  energy  per  unit  length 
depends,  are  as  m*  to  wi'*.  Tlie  potential  energies  per  unit  length 
dei>end  on  the  means  of  (d\ldxf  and  {d^\dxf,  and  are  of  course 
in  the  same  ratio.  Thus  the  energies  per  unit  length  in  the  direct 
and  reflected  trains  are  as  7«'  to  ?/t'*,  while  the  lengths  of  the 
trains  are  as  m'  to  m  \  hence  their  total  energies  are  as  m  to  m'; 
in  other  words  the  reflected  train  has  received  an  accretion  of 
energy  equal  to  m'jm  -  1  of  the  incident  energy,  which  can  only 
have  come  from  mechanical  work  spent  in  pushing  on  the  re- 
flector with  its  velocity  u     The  opposing  pressure  is  thus  in 

numerical  magnitude  the  fraction  ( 11-  of  the  density  of 

the  incident  energy,  which  works  out  to  be  -5 — -3  of  the  in- 
tensity of  the  total  undulatory  energy,  direct  and  reflected, 
that  is  in  front  of  the  reflector. 
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When  V  is  small  compared  with  c,  this  agrees  with  Maxwell's 
law  for  the  pressure  T)f  radiation.  This  case  is  also  theoretically 
interesting,  because  in  the  application  to  sether-waves  ^  is  the 
displacement  of  the  sBther  elements  whose  velocitj  d^ldt  re- 
presents the  magnetic  force ;  so  that  here  we  have  an  actual 
case  in  which  this  vector  f,  hitherto  only  introduced  in  the 
theoretical  dynamics  of  electron-theory,  is  essential  to  a  bare 
statement  of  the  facts.  Another  remark  here  arises.  It  has 
been  held  that  a  beam  of  light  is  an  irreversible  agent,  because 
the  radiant  pressure  at  the  front  of  the  beam  has  nothing  to 
work  against,  and  its  work  is  therefore  degraded.  But  suppose 
it  had  a  reflector  moving  with  its  own  velocity  e  to  work 
against;  our  result  shows  that  the  pressure  vanishes  and  no 
work  is  done.  Thus  that  objection  to  the  .thermodynamic 
treatment  of  a  single  ray  is  not  well  founded.* 

This  generalisation  of  the  theory  of  radiant  pressure  to  all 
kinds  of  undulatory  motion  is  based  on  the  conservation  of  the 
energy.  It  remains  to  consider  the  mechanical  origin  of  the 
pressure.  In  the  special  case  of  an  unlimited  stretched  cord 
carrying  transverse  waves  the  advancing  reflector  may  be  a 
lamina,  through  a  small  hole  in  which  the  chord  passes  without 
friction:  the  cord  is  straight  on  one  side  of  the  lamina,  and 
inclined  on  the  other  side  on  account  of  the  \'ibration ;  and  it  is 
easily  shown  that  the  resultant  of  the  tensions  on  the  two  sides 
provides  a  force  acting  on  the  lamina  which,  when  averaged, 
agrees  with  the  general  formula.  In  the  case  of  an  extended 
medium  with  advancing  transverse  waves,  which  are  reflected 
directly,  the  origin  of  the  pressure  is  not  so  obvious,  because 
there  is  not  an  obvious  mechanism  for  a  reflector  which  would 
sweep  the  waves  in  front  of  it  as  it  advances.  In  the  aethereal 
case  we  can,  however,  on  the  basis  of  electron-theory,  imagine  a 
constitution  for  a  reflector  which  will  turn  back  the  radiation  on 
the  same  principle  as  a  metallic  mirror  totally  reflects  Hertzian 
waves,  and  thus  obtain  an  idea  of  how  the  force  acts. 

The  case  of  direct  incidence  has  here  been  treated  for  sim- 

[*  Ordinary  electrodjnamic  theory  boMd  on  electrons  ne^ects  (v/c)*.] 
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plicity ;  that  of  oblique  incidence  easily  follows ;  the  expression 
for  the  pressure  is  reduced  in  the  ratio  ^f  the  square  of  the 
cosine  of  the  angle  of  incidence.  If  we  average  up»  after  Boltz- 
mann,  for  the  natural  radiation  in  an  enclosure,  which  is  incident 
equally  at  all  angles,  we  find  that  the  pressure  exerted  is  one- 
third  of  the  total  density  of  radiant  energy. 

AdialcUies  of  an  enclosed  Maes  of  Badiatumy  and  resuUing 
Oeneral  Lawe, — ^Now  consider  an  enclosure  of  volume  V  con- 
taining radiant  energy  travelling  indifferently  in  all  directions, 
and  of  total  density  E ;  and  let  its  volume  be  shrunk  by  SV. 
This  requires  mechanical  work  \  ESY,  which  is  chained  into 
radiant  energy:  thus 

EV  +  iE8V  -  (E  -  8E)(V  -  8V), 

where  E  -  8E  is  the  new  density  at  volume  V  -  8V.  This 
gives  f  E8V  -  V8E,  or  Eoc  V*- 

As  already  explained,  if  the  original  state  has  the  consti- 
tution as  regards  wave-lengths  corresponding  to  a  temperature 
T,  the  new  state  must  correspond  to  some  other  temperature 
T  -  8T.  Thus  we  can  gain  work  by  absorbing  the  radiation 
into  the  working  substance  of  a  thermal  engine  at  the  one 
temperature,  and  extracting  it  at  the  other;  as  the  process  is 
reversible,  we  have  by  Carnot's  principle 

JE8V/EV--8T/T, 
so  that  Toe  V"*. 

Thus  Eoc  T*,  which  is  Stefan's  law  for  the  relation  of  the 
aggregate  natural  radiation  to  the  temperature. 

Moreover  the  Doppler  principle  has  sliown  us  that  in  the 
imiform  shrinkage  of  a  spherical  enclosure  the  wave-lengths 
diminish  as  the  linear  dimensions,  and  therefore  as  V^,  or  in- 
versely as  T  by  the  above  result.  Thus  in  the  radiations  at 
different  temperatures,  if  the  scale  of  wave-length  is  reduced 
inversely  as  the  temperature  the  curves  of  constitution  of  the 
radiation  become  homologous,  i,t.  their  ordinates  are  all  in  the 
same  ratio.    This  is  Wien's  law. 
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These  relations  show  that  the  energy  of  the  radiation  cor- 
responding to  the  temperatore  T,  whidi  lies  between  wave- 
lengOis  X  and  A  -«-  SX,  is  of  the  form  X^/(XT)  SX.  The 
investigation,  theoretical  (Wien,  Planck,  Bayleig^,  etc.)  and 
experimental  (Lummer  and  Pringsheim,  Pasohen,  etc)  of  the 
form  of  this  function  /  is  perhaps  the  most  fundamental  and 
interesting  problem  now  outstanding  in  the  general  theory  of 
the  relation  of  radiation  to  temperatura  The  theoretical  re- 
lations on  which  this  expression  is  founded  have  been  shown  to 
to  be  in  agreement  with  fact;  and  it  appears  that  the  foim 
ejr^i/^T  fairly  repre8ents/(XT)  over  a  wide  range  of  temperature.* 
These  relations  have  been  derived,  as  usual,  from  a  dynamical 
discussion  of  the  aggr^;ate  intensity  of  radiation  belonging  to 
the  temperature ;  it  may  be  shown  that  the  same  results,  but 
nothing  in  addition,  will  be  gained  by  applying  the  same  prin- 
ciples to  each  constituent  of  range  SX,  by  itself,  assigning  to  each 
its  own  temperature. 

[*  Flanck't  more  recent  fixrm  eil{/^^  - 1)  tppliei  orer  a  wite  laoge  in  xT.] 
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THE  RESULTS  OF  AN  ELECTRICAL  EXPERIMENT,  IN- 
VOLVING  THE  RELATIVE  MOTION  OF  THE  EARTH 
AND  ETHER,  SUGGESTED  BY  THE  LATE  PROFESSOR 
FITZ  GERALD.    By  Feed.  T.  Tbouton,  D.Sc,  F.R.S. 

[From  the  Scuntif/e  Trautaetions  cfth$  Royal  JDuhHn  Society^  April  1902.] 

I. — Pbofsssor  Fitz  Gerald's  Arrangemkxt. 

In  the  Autumn  of  1900  Professor  Fitz  Gerald  proposed  an 
electrical  experiment,  with  the  object  in  view  of  detecting  any 
relative  velocity  there  might  be  between  the  Earth  and  ether. 

The  method  has  not  up  till  now  been  published,  except  at 
a  meeting  of  the  Dublin  University  Experimental  Science 
Association  last  May. 

Professor  Fitz  Gerald  asked  me  to  carry  out  the  proposed 
experiments.  These  I  began  at  once,  but  owing  to  delays  in 
preparing  the  apparatus,  and  getting  it  into  working  order,  only 
some  preliminary  determinations  were  made  before  his  illness 
and  death. 

The  fundamental  idea  of  the  exi)eriment  is  that  a  charged 
electrical  condenser,  when  moving  through  the  ether,  with  its 
plates  edgeways  to  the  dircction  of  motion,  possesses  a  magnetic 
field  between  the  plates  in  consequence  of  its  motion,  in  ac- 
cordance with  the  generally  held  view  that  a  mo\Tng  charge 
is  equivalent  to  an  electric  current. 

The  question  then  natumlly  arises  as  to  the  source  supply- 
ing the  energy  required  to  produce  this  magnetic  field.     If  we 


558  An  Electrical  Exfierintent^  involving       [1902 

attribute  it  to  the  electric  generator,  say  a  battery,*  there  is  no 
difficulty  indeed,  as  to  there  being  energy  enough  to  do  it,  for, 
in  general,  the  energy  supplied  by  a  battery  when  charging  a 
condenser  is  double  that  stored  in  electrostatic  strains  in  the 
condenser — 

EQ  e  \EQ  +  energy  lost  as  heat,  eta 

Fitz  (Jerald's  view,  however,  was  that  it  would  be  found  to  be 
supplied  through  there  being  a  mechanical  drag  on  the  condenser 
itself  at  the  moment  of  charging,  very  similar  to  that  which 
would  occur  were  the  mass  of  any  body  situated  on  the  surface 
of  the  Earth  to  suddenly  become  greater.  Again,  in  discharging 
the  condenser  should  experience  an  impulse  of  like  amount,  but 
now  in  the  opposite  or  forward  direction.  To  estimate  the 
extent  of  this  blow,  suppose  a  condenser  of  capacity  P  to  be 
moving  edgeways  through  the  ether  with  the  velocity  u^  and 
that  the  density  of  its  charge  is  <r.  Then  the  magnetic  force 
between  the  plates  which  has  to  be  established  is  ^ »  4^<ru,f 

The  energy  which  must  be  provided  to  do  this  is  ^  -  —  iP 

X  (volume  of  dielectric).    Eemembering  that  <t  «  j —  where  K 

is  the  specific  inductive  capacity,  E  the  voltage  between  the 
plates,  and  c  their  distance  apart,  and  also  that  the  capacity 

P  =  T-3  X  (volume  of  dielectric),  we  have  T  =  ^fiKPEhi}. 

We  had  at  our  disposal  a  capacity  of  about  8  mf.,  which  I 
found  was  able  to  stand  1200  volts.  When  charged  with  this 
voltage,  on  the  above  supposition,  it  comes  out  that  it  requires 
about  1  erg  to  energize  the  magnetic  field  when  moving  edge- 
wise through  the  ether  at  the  velocity  of  the  Earth  round  the 

*  See  Part  II.  of  this  Paper. 

t  The  moving  positive  and  negative  charges  on  the  two  plates,  that  is,  moving 
relatively  to  the  ether,  are  equivalent  to  currents  running  tangeniially  in  opposite 
directions  in  the  two  plates,  so  that  we  may  take  the  field  as  existing  only  between 
the  plates.  If  the  plates  move  **  flatways,'*  the  equivalent  currents  are  in  the  normal 
directions,  and  neutralize  each  others'  magnetic  action  almost  completely. 
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Sun,  that  is  at  19  miles  per  second ;  this,  in  centimetres  per 
second,  being  u  *»  10*  about  As  regards  the  other  quantities  we 
may  take  /i  =  1,  and  for  the  specific  inductive  capacity  of  the 
paraffined  paper  of  which  the  condenser  was  constructed,  we  may 
take  2  as  a  probable  estimate,  or  in  electromagnetic  measure 
K^  2/1;*,  V  being  the  velocity  of  light  and  equal  to  3  x  lO''^  cm. 
per  second. 

Thus  we  see  that,  on  charging  such  a  condenser,  when  placed 
80  as  to  have  its  plates  edgewise  to  the  direction  of  motion  of 
the  Earth  round  the  Sun,  it  must  get  from  some  source  or  other 
1  erg  more  energy  supplied  it  than  it  requires  when  moving 
flatwise,  unless  indeed  the  ether  be  in  some  way  dragged  along 
with  matter  and  there  be  no  magnetic  field.  Fitz  Gerald's 
supposition  was,  as  we  have  seen,  that  this  came  through  the 
condenser  receiving  a  compensating  forward  jerk  or  impulse 
on  being  chai-ged,  transmitted  from  the  Eartli  through  the 
supports ;  and  he  proposed  to  detect  it  by  suspending  the  con- 
denser at  the  end  of  an  arm  with  a  balance-weiglit  on  the 
other  side,  by  means  of  a  wire,  as  shown  diagrammatically  in 
fig.  1  (see  p.  560). 

It  was  originally  intended  to  have  two  condonsors,  one  at 
each  end  of  the  cross  arm,  the  one  to  be  charged  at  the  moment 
the  other  was  discharged,  not  only  to  double  the  cfl'ect,  but  also 
to  secure  a  pure  torque  acting  on  the  wire.  This  idea  had  to  be 
abandoned  in  the  final  experiment,  owing  to  all  the  condensers 
available  breaking  down  under  the  excessive  voltage  employed 
save  only  one.  A  condenser  similar  to  the  one  used  for  charging 
was  employed  as  the  balance-weight  so  as  to  preserve  sjinmetry 
as  far  as  was  possible. 

As  the  condenser  plates  lay  horizontally,  tlie  effect  should 
have  been  a  maximum  at  twelve  o'clock.  The  experiments  were 
therefore  carried  out  between  the  hours  of  eleven  and  one  each 
day.  In  order  to  have  the  maximum  turning  effect  the  arm 
was  placed  north  and  south.  Some  preliminary  experiments 
were  made  with  a  view  of  testing  if  a  blow,  whose  kinetic  energy 
was  only  1  erg,  could  be  competent  to  produce  obser\'able  effects. 
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This  was  done  by  causing  a  small  object  tx>  strike  against  the 
arrangement. 

These  proving  highly  encouraging,  apparatus  was  constructed 
with  the  object  of  enabling  the  condenser  to  be  charged  and 
discharged  continuously  by  means  of  clock-work,  at  the  intervals 
corresponding  to  the  free  period  of  swing  of  the  apparatus.  In 
this  way  any  effect  produced  would  cumulate  and  be  made 
easier  of  observation. 


CONOINtEII 


Balancc 

WCIONT 


Fig.  I. 

The  complete  period  of  swing  was  about  60  seconds,  so  that 
the  charging  and  discharging  followed  each  other  at  half  these 
intervals  or  about  30  seconds.  Coincidence  between  the  rate 
of  the  clock  which  drove  the  commutator  and  that  of  the 
apparatus  was  most  readily  efTected  by  increasing  or  diminish- 
ing the  moment  of  inertia  of  the  suspended  apparatus,  by  means 
of  small  weights  laid  on  it  or  removed  as  required.  This  coin- 
cidence in  period  w^as  made  very  perfect. 
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The  source  of  the  current  for  charging  the  condenser  was  a 
continuous-current  dynamo  separately  excited,  capable  of  sup- 
plying a  current  of  ^  ampere  at  1200  volts.  Eelays  were 
employed  for  charging  and  discharging  the  condenser,  as  it  was 
found  undesirable,  being  likely  to  affect  the  rate  of  the  clock, 
to  allow  such  heavy  sparkiug  as  necessarily  took  place  to  occur 
on  the  clock-driven  commutator. 

The  leads  for  the  charging  current  were  provided  by  the 
suspending  wire  and  by  a  wire  which  dipped  centrally  down- 
wards into  a  mercury  cup.  A  curved  mirror  was  af&xed  to 
provide  a  spot  of  light  on  a  mm.  scale  at  the  distance  of 
1860  mm. 

The  method  of  experimenting  was  to  charge  and  discharge 
at  proper  intervals  by  means  of  the  synchronous  commutator, 
and  to  observe  if  a  swing  was  set  up.  ^Vnother  plan  sometimes 
used  was  to  cause  the  apparatus  to  have  a  small  swing  to  begin 
with,  and  to  see  if  its  rate  of  decrement  was  increased  by  the 
effect  in  question  when  properly  timed  to  do  so.  No  effect  was 
ever  observed. 

Tht  Sensitiveness  of  (lie  Apparatus, 

The  method  adopted  to  test  the  sensitiveness  of  the  apparatus 
to  small  quantities  of  energ}-,  supplied  synchronously  with  its 
own  period,  was  to  place  a  small  magnet  on  the  suspended 
apparatus  at  its  centre,  and  to  arrange  that  an  intermittent 
magnetic  field  was  synchronously  applied  for  half  the  period  of 
swing.  The  field  was  applied  by  means  of  a  circuit  of  wire 
placed  parallel  to  the  magnet  and  at  one  side. 

T(»  ascertain  the  niininiuni  maguotie  force  competent  to  set 
up  a  swing,  the  procedui-e  was  to  gradually  i-educe  the  cun-ent 
in  this  circuit  of  wire  until  no  efl'ect  could  be  observed  on  the 
apparatus  at  rest,  the  current  all  the  while  Ix^mg  applied  at  the 
proper  intervals.  From  this  a  maximum  limit  to  the  value  to 
1)0  assigned  to  the  minimum  enei-g}'  capable  of  producing  a 
swing  may  be  detennined,  by  calculating  the  energ}'  given  per 
swing  by  this  minimmn  field,  when  the  apparatus  had  reached 

20 
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a  swing  clearly  observable,  because  when  it  was  swinging  through 
all  angles  less  than  this  the  energy  supplied  must  have  been 
proportionally  less.  When  the  suspended  apparatus  swings 
through  an  angle  fl,  the  energy  supplied  is  MH%,  where  M  is 
the  moment  of  the  magnet,  and  H  the  strength  of  the  applied 
magnetic  field.  The  minimum  magnetic  field  was  found  to  be 
about  H  =  -037  when  employed  with  a  magnet  whose  moment 
was  M  •  204 ;  and  taking  that  a  movement  of  the  spot  of  light 
of  2  mm.  could  be  detected,  we  get  for  the  angle  %  the  value 
\  X  2/1860,  the  scale  being  1860  mm.  from  the  mirror.  This 
gives  for  the  energy  supplied  once  in  each  complete  oscillation 
MFQ  «  -004  ergs  about.  That  is  to  say,  we  may  safely  assert 
that  '004  ergs  is  competent  to  set  up  a  swing. 

We  have  seen,  however,  that  the  energy  necessary  to  gener- 
ate the  magnetic  field  assumed  to  exist  is  as  great  as  one  erg, 
and  this  was  applied  and  removed  in  the  experiments  each 
half  oscillation  ;  so  that  it  is  evident  that  some  other  source  for 
the  energy  or  some  countervailing  effect  must  clearly  be  looked 
for. 

On  the  last  opportunity  I  had  of  discussing  the  matter  with 
Professor  Fitz  Gerald,  preliminary  experiments  had  been  made, 
giving  as  far  as  they  went  negative  results  :  the  final  results  not 
being  completed  till  after  Science  had  to  deplore  the  grievous 
loss  it  sustained  at  his  death.  Fitz  Gerald,  on  that  occasion, 
made  a  remark  which,  as  well  as  I  remember,  was  to  the  efifect 
that  should  the  negative  results  then  obtained  be  sustained  by 
further  work,  he  would  attribute  the  non-occurrence  of  any 
observable  effect  to  the  same  general  cause  as  produced  the 
negative  results  in  ilichelson  and  Morley*s  experiments  on  the 
relative  motion  of  the  Earth  and  the  ether  by  means  of  the 
interference  of  light. 

The  explanation  of  this,  which  he  had  himself,  simultane- 
ously with  Lorentz,  suggested,  was  that  matter  altered  in  linear 
dimensions  according  to  the  direction  of  motion  through  the 
ether,  and  to  an  extent  to  just  neutralize  the  calculated  optical 
efifect.    From  some  such  cause  a  diminution  of  the  electrostatic 
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energy  might  be  brought  about  when  the  condenser  was  in  the 
edgewise  position,  just  sufficient  in  amount  to  provide  the 
energy  required  for  the  magnetic  field. 

II. — Ok  the  Possibility  of  obtaixdcg  a  turnixg  Force  from 
THE  Motion  of  the  Earth  through  Space. 

If  we  suppose  the  energy  for  the  magnetic  field  between  the 
plates  of  a  charged  condenser  when  moving  "  edgewise  "  through 
the  ether  to  be  supplied  from  the  same  source  as  that  which 
charges  the  condenser,  we  ai*e  led  to  the  curious  conclusion  that 
a  chai^ged  condenser  tends  to  set  itself  flatways  to  tlie  direction 
of  motion  through  the  ether.  This  may  be  easily  understood 
from  the  following  considei-ations.* 

A  condenser  charged  when  mo\'ing  "edgewise"  has  more 
enei-g}'  to  l>e  supplied  it  tliaii  wlieu  moving  "  flatwise."  Now 
suppose  a  condenser  which  is  placed  with  its  plates  "  flatwise  " 
to  the  motion  through  the  ether,  to  be  first  chai-ged  and  insulated, 
then  turned  i-ound  till  it  is  standing  with  its  plates  "  edgewise  " 
to  the  motion  through  the  ether.  The  extra  enei-g)'^  belonging 
to  the  magnetic  field,  wliich  we  suppose  to  now  exist,  must 
come  from  work  done  in  turning  it  round  through  the  90^ 
That  is  to  say,  the  condenser  resists  with,  or  exerts,  a  couple  in 
the  opposite  direction  to  the  turning  motion. 

Thus  we  see,  on  the  assumption  made  above,  that  chai-ged 
condensers  must  tend  to  set  themselves  at  riglit  angles  to  the 
direction  of  motion  through  the  ether.  AVTien  placed  exactly 
"  edgeways  "  to  the  motion,  there  is  unstable  equilibrium ;  but 
when  inclined  to  either  side,  rotation  to  tlie  position  at  right 
angles  tends  to  take  i)lace  indiscriminately  as  to  the  sign  of  the 
charges  on  the  plates.  This  follows  at  once  from  the  eneigy  of 
the  magnetic  field  depending  on  the  scpiares  of  the  directed 
quantities  in  question.  The  value  of  the  torque  incieases  with 
the  angle  of  inclination,  till  it  readies  its  maximum  half-way 
between  the  two  positions  of  "  edgeways  "  and  right  angles  to 

[•  See  No.  108  iw/ra.] 
2  02 
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the  motion  through  the  ether,  at  each  of  which  it  is  zero.  For 
if  ^  is  the  angle  of  inclination  of  the  plates  of  the  condenser  to 
the  direction  of  motion  through  the  ether,  the  velocity  of  flow 
parallel  to  the  plates  is  16  cos  ^.  Thus  the  energy  of  the  mag- 
netic field  is  in  this  case  T  =  ^ftKPE^u*  cos*  ^,  and  the  couple 

/IT 
at  any  angle  0  is  -  -1-  or  ^fxKPE^u*  sin  2^,  this  obviously  has 

zero  value  for  values  0^  and  90^  and  a  maximum  value  for 

From  this  point  of  view,  instead  of  a  translatory  impulse  as 
suggested  by  Fitz  Gerald,  it  is  a  purely  turning  eflTect  which 
should  be  looked  for,  and  the  author  proposes  to  test  the  matter 
by  suspending  a  light  condenser  of  very  high  insulation,  with 
its  plates  standing  vertically.  As  the  eflTect  increases  with  the 
square  of  the  voltage,  it  is  advantageous  to  have  this  quantity 
as  large  as  possible.  This  may  be  the  more  readily  done  in  the 
present  case,  as  the  same  complications  do  not  present  them- 
selves from  sparking,  etc.,  as  arose  where  intermittent  charging 
was  necessary  in  the  experiments  described  in  the  body  of  this 
paper.  By  having  the  suspended  apparatus  light,  the  moment 
of  torsion  of  the  wire  may  be  greatly  reduced,  which  is  of  the 
highest  importance. 

Should  this  turning  moment  be  proved  to  operate,  instead 
of  being  masked  by  some  compensating  effect,  it  would  open  up 
a  road  leading  to  illimitable  possibilities,  for  it  would  at  once 
remove  from  the  category  of  utter  hopelessness  the  idea  of  man- 
kind ever  being  able  to  utilize  the  vast  store  of  energy  in  the 
Earth's  motion  through  space. 

It  is  not  difficult  in  theory  to  conceive  a  machine  for  doing 
this,  in  fact  for  harnessing  the  Solar  system,  so  to  speak.  For 
instance,  a  number  of  air  condensers  could  be  arranged  round  a 
cylinder  so  as  to  be  capable  of  rotating  as  a  whole  about  its 
axis,  and  spaced  with  their  plates  tangentially  to  their  circular 
motion,  the  axis  of  rotation  being  always  kept  at  right  angles 
to  the  motion  through  the  ether.  Now,  suppose  one  of  these 
condensers  to  be  charged  with  electricity.    As  it  moves  up  from 
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the  "  edgewise  "  position  to  the  "  flatwise  "  position,  there  is  a 
couple  exerted,  turning  the  whole  apparatus  round  the  common 
axis.  On  reaching  the  latter  position,  the  charges  on  the  plates 
of  the  condenser  are  to  b^  conve3'ed  to  another  of  the  condensers, 
which,  in  the  course  of  its  passage  round,  has  just  reached  the 
*'  edgewise  "  position  vacated  by  the  first  one  in  question.  This 
must  be  eflFected  without  sparking,  or  there  would  be  an  undue 
loss  of  energy.  This  might  be  done  by  a  method  very  similar 
to  Maxwell's  well-known  "  regenerator  "  arrangement  As  each 
condenser  comes  to  the  "  flatwise  "  position,  it  enters  an  inductor 
arrangement,  one  for  each  plate  of  the  condenser,  and  when 
fully  inside  each  plate  touches  a  contact  spring.  Simultaneously 
a  pair  of  condenser  plates  at  the  "  edgewise  "  position  is  emerg- 
ing from  a  pair  of  inductors,  one  for  each  plate,  but  still  kept 
in  metallic  contact  with  the  inductors  by  springs.  The  inductors 
in  each  position  are  in  metallic  connexion  with  the  corresponding 
inductors  at  right  angles.  In  this  way  the  chai'ge  is  removed 
from  one  set  of  plates  and  given  to  the  other.  The  same  could 
be  also  used  in  duplicate  on  the  diametrically  opposite  position, 
thus  giving  double  the  turning  force. 

I  take  this  opportunity  of  thanking  Professor  J.  Larmor, 
Sec.  E.S.,  for  his  advice  and  helpful  discussions  of  the  subject- 
matter  of  this  paper. 
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CAN  CONVECTION  THROUGH  THE  iETHER  BE  DETECTED 
ELECTRICALLY?    NOTE  ON  THE  FOREGOING  PAPER. 

By  J.  Larmor. 

The  considerations  explained  by  Dr.  Trouton  in  the  preced- 
ing paper  bear  fundamentally  on  the  question  whether  the 
convection  of  matter  through  the  lether  sensibly  disturbs  that 
medium.  The  result  of  the  experiment  which  he  proposes  to 
carry  out  will  either  corroborate  or  modify  the  results  deduced 
from  the  IVIichelson-Morley  second-order  experiment  on  optical 
interference,  the  interpretation  of  which  has  hitherto  been 
somewhat  ambiguous  because  that  experiment  has  stood  alone 
as  the  only  one  of  its  kind. 

We  begin  by  tracing  the  theoretical  consequences  of  an 
ideal  experimental  arrangement.     Consider  a  condenser  AB 
suspended  from  a  point  0,  and  charged  (or 
rather  its  charge  altered)  from  another  fixed 
charged  condenser  PQ  in  the  same  circuit. 
Separating   the  plates  P  and  Q  increases 
the   charge  in  AB,  and  vice  versa.      Now 
charge  AB  when    its    plates   are  perpen- 
dicular to  the  direction  of  the  cether  drift; 
then  disconnect  it  and  rotate  it  through  a 
right  angle.     Finally,  let  AB  be  discharged 
by  re-connecting  to  PQ — whose  plates  have 
meantime  been  moved  to  the  distance  that  will  give  them  the 
same  diflerence  of  potential  as  AB — and  then  approximating 
the  plates  P  and  Q  to  their  original  distance.    After  this  AB  may 
again  be  rotated  through  a  right  angle  when  it  is  uncharged,  and 
the  cycle  repeated.     The  conductors  being  supposed  perfect,  this 
will  give  a  perpetual  motion,  or  rather  will  use  up  the  energy 
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of  the  Earth's  translatory  motion  through  the  aether, — unless  the 
potential  difiference  between  A  and  B,  on  which  the  energj-  of 
charge  and  discharge  depends,  is  the  same  in  the  two  positions, 
for  a  given  value  of  the  charge.  This  potential  difference  is  sus- 
tained, in  part  by  the  sether  strain,  in  part  by  the  magnetic  field 
between  the  plates  which  is  produced  by  the  electric  convection 
Now  a  known  electrodynamic  result*  may  be  stated  as 
follows: — Compare  an  electrostatic  conducting  system  at  rest 
in  the  aether  with  the  identically  same  system  in  motion  with 
velocity  v;  suppose  the  charges  to  be  the  same  in  the  two 
cases  :  to  obtain  the  potential  differences  between  the  con- 
ductors in  the  latter  case,  find  what  they  would  be  in  the  system 

when  at  rest,  and  elongated  in  the  ratio  €   or  ( 1  — •,  j     in  the 

direction  of  the  motion,  and  multiply  the  result  by  c.  Let  us 
apply  this  proposition  to  the  present  case. 

(i)  When  the  plane  of  the  condenser  is  at  right  angles  to  the 
drift,  the  thickness  of  the  dielectric  in  the  correlative  one  at  rest 
is  increased  ci  times,  thus  so  is  the  potential  difference  for 
given  charge,  and  the  other  factor  €  makes  the  increase  £*  times 
in  alL  (ii)  When  the  plane  of  the  condenser  is  parallel  to  the 
drift,  the  plates  are  each  elongated  k^  times;  hence  the  density 
on  them  is  increased  €"i  times;  the  dielectric  thickness  being 
unaltered,  this  increases  the  potential  difference  c"^  times,  and 
the  other  factor  makes  the  increase  ci  in  alL 

Thus  position  (i)  of  the  condenser  has  €  times  as  much 
electric  energy  as  position  (ii)  for  the  same  charge  Q ;  that  is,  it 

has  more  energy  than  (ii)  by  —  of  the  total  energy  of  charge  in 

either  position,  this  latter  energy  of  charge  being  27r-3-  ty  where 

t  is  the  thickness  of  the  dielectric,  and  S  the  aiea  of  either  plate. 
In  position  (ii)  there  is  a  magnetic  field  between  the  plates,  of 

intensity  47r -^j  having  electrokinetic  energy  r-(4jr  tt-j'S'^, 

^^a        /^  oC  ^  °     OTT  \       oC/ 

or    —  27r  -^  ty   which  forms  part  of  the  electric  energy  of  the 

*  Larmor,  '  JBthcr  and  Matter,*  1900,  }  96. 
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system,  the  energy  of  aethereal  strain  being  correspondingly 
diminished;  on  rotation  of  the  condenser  through  a  right 
angle  this  kinetic  energy  disappears. 

Now  the  condenser  is  charged  by  transferring  the  charges 
into  the  plates  against  the  electric  force ;  the  energy  required 
for  this  operation  is  half  the  charge  Q  multiplied  by  the  potential 
difference  between  the  plates.  As  it  is  charged  at  one  potential 
difference  and  discharged  at  another,  there  is  energy  remaining 
over  of  the  amount  estimated  above;  and  as  the  process  is 
reversible,  this  energy  must  be  mechanically  available.  Thus 
the  energy  of  motion  of  the  Earth  through  the  ather  is  available 
for  mechanical  work  to  an  imlimited  extent,  unless  the  potential 
difference  in  the  condenser  is  independent  of  its  orientation; 
that  is,  by  accepted  electrodynamics,  unless  the  FitzGterald- 
Lorentz  shrinkage  of  moving  bodies  is  a  fact 

It  is  to  be  observed  that  the  proposition  that,  if  this 
shrinkage  occur,  the  system  will  in  no  other  respect  differ  from 
the  state  of  no  motion,  is  established  for  uniform  translatory 
motion ;  so  that  a  torque  arising  when  the  motion  is  rotatory 
would  not  be  in  contradiction  to  it.  But  such  a  torque  must 
depend  on  the  velocity  of  rotation,  vanishing  along  with  the 
latter,  and  so  does  not  affect  the  present  argument  in  which  the 
displacements  can  be  made  very  slowly. 

As  the  electric  energy  of  the  condenser  is  reduced  by  turn- 
ing it  from  the  transverse  to  the  longitudinal  position,  this 
motion  would,  in  the  absence  of  the  FitzGrerald-Lorentz  shrink- 

age,  be  assisted  by  a  mechanical  torque,  of  amount  —  W  sin  20, 

c 

where  W  is  the  energy  of  charge,  and  6  is  the  angle  the  plane 
of  the  condenser  makes  with  the  transverse  position* ;  thus  the 
transverse  position  would  be  one  of  unstable  equilibrium. 

•  The  torque  is  equal  and  opposite  to  that  suggested  hy  the  considerations  given 
on  p.  563.  For  the  condenser  described  on  p.  562,  suspended  vertically  at  an  in- 
clination of  45°  to  the  xther- drift,  and  charged  as  in  the  experiments  there  recorded, 
the  value  of  this  torque  would  be  about  1  c.g.s.  unit;  while  the  torsional  system 
as  there  adjusted  was  found  to  respond  sensibly  to  about  7*5  c.g.s.  units. 
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For  the  case  of  a  single  charged  conductor,  such  as  may  be 
represented  by  an  ellipsoid,  it  is  not  difficult  to  show  that  the 
stable  orientation  is  the  one  in  which  its  longest  dimension  is 
along  the  direction  of  convection. 

The  charge  and  discharge  of  the  condenser  involve  currents 
round  the  condenser  AB,  and  round  the  discharging  circuit.  So 
long  as  the  suspending  wire  OA  does  not  move  w^ith  the  rotation, 
and  also  the  discharging  wire  BQ,  the  Earth's  magnetic  field  can 
produce  a  torque  only  by  acting  on  the  charging  current  circu- 
lating round  AB, — for  chai-ging  A  positively  and  B  negatively 
is  the  same  as  making  a  cun*ent  flow  down  A  and  up  B,  if  both 
plates  are  charged  from  the  top.  This  torque  is  negligible  in 
the  very  slowly  effected  cycle  of  the  experiment ;  but  any 
uncertainty  can  be  obviated  by  reversing  its  direction  each  time 
by  an  arrangement  which  first  annuls,  and  then,  after  half  a 
period,  reverses,  the  charge  of  the  condenser  AB. 

If  the  condenser  AB  is  held  absolutely  fixed  while  it  is  being 
charged,  any  impulsive  torque  there  might  be  could  do  no 
work ;  yet  the  condenser  gets  its  energy.  This  seems  by  itself 
sufficient  to  negative  the  suggestion  that  the  energies  of  charge 
and  discharge,  as  distinct  from  that  derived  from  rotating  the 
condenser,  have  to  do  directly  with  mechanical  forces. 
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